Surface Modification of Ferromagnetic Nanoparticles for Separation of Toxic Heavy Metals and Environmental Applications by ZAYED BIN ZAKIR SHAWON
  
SURFACE MODIFICATION OF 
FERROMAGNETIC NANOPARTICLES FOR 




































SURFACE MODIFICATION OF 
FERROMAGNETIC NANOPARTICLES FOR 













ZAYED BIN ZAKIR SHAWON 
B.Sc. (Chemical Engineering) 














A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMICAL & BIOMOLECULAR 
ENGINEERING 





First and foremost, I would like to offer my sincerest gratitude to my 
supervisors, Associate Professor Dr. Kus Hidajat and Associate Professorial 
Fellow Dr. Mohammad Shahab Uddin, who have supported me throughout my 
PhD candidature with their patience and knowledge whilst allowing me the 
room to work in my own way. Without their kind support, this thesis, would 
not have been completed or written. I had been blessed with a friendly and 
enthusiastic group of fellow mates. I would like to take this opportunity to 
express my heartfelt gratitude and sincere admiration to my lab colleagues Dr. 
Abu Zayed Md. Badruddoza and Dr. Sudipa Ghosh. I would also sincerely 
express my love and gratefulness to my wonderful FYP students Soh Wei Min 
Louis, Li Yiwang, Tan Kia Aun Isaac (B-Tech), Kow Wei Hao, Tay Wei Jin 
Daniel and Low Baoxia Michelle. I would also like to thank all staff members 
in the Department of Chemical and Biomolecular Engineering and my lab 
officers Jamie Siew and Sylvia Wan who have helped me throughout my entire 
work. I would like to render much tribute to my beloved parents, siblings for 
their boundless love and support, my beloved wife for her understanding, 
moral support and inspiration and friends for encouraging me during my entire 
research work. Finally, I would like to thank the National University of 
Singapore for providing me the ‘Research Scholarship’ and to the department 
of Chemical and Biomolecular Engineering for providing all the facilities. 
 







I hereby declare that this thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis. 
 
















Zayed Bin Zakir Shawon  
21
st
 August 2013 
 
  i 
Table of Contents  
 
Summary ....................................................................................................................... vi 
Nomenclature ................................................................................................................ ix 
List of Tables ................................................................................................................ xi 
List of Figures .............................................................................................................xiii 
Chapter 1. Introduction .................................................................................................. 1 
1.1 General background ............................................................................................. 1 
1.2 Objectives of this project ..................................................................................... 3 
1.3 Organization of the thesis .................................................................................... 5 
References .................................................................................................................. 6 
Chapter 2. Literature review .......................................................................................... 8 
2.1 Magnetism............................................................................................................ 8 
2.2 Mechanism of magnetic separation ................................................................... 13 
2.3 Ferrofluids and its preparation ........................................................................... 14 
2.4 Magnetic nanoparticles ...................................................................................... 16 
2.4.1 Properties of magnetic particles .................................................................. 17 
2.4.2 Surface modification of magnetic nanoparticles ......................................... 18 
2.4.3 Application of magnetic nanoparticles ....................................................... 19 
2.5 Heavy metals and its pollution ........................................................................... 19 
2.5.1 Sources of heavy metal pollution and its effects ........................................ 22 
2.6 Cyclodextrin and its classification ..................................................................... 29 
2.7 Ionic liquids (Ils) and its application ................................................................. 32 
2.8 Acid blue (Dye).................................................................................................. 36 
2.9 Janus particles .................................................................................................... 38 
2.9.1 Application of janus particles ..................................................................... 41 
  ii 
2.10 Adsorption and desorption ............................................................................... 42 
2.10.1 Adsorption equilibrium ............................................................................. 43 
2.11 Scope of the thesis ........................................................................................... 44 
References ................................................................................................................ 47 
Chapter 3. Materials and methods ............................................................................... 64 
3.1 Materials ............................................................................................................ 64 
3.2 Methods.............................................................................................................. 65 
3.2.1 Synthesis of bare magnetic nanoparticles (bare Fe3O4) .............................. 65 
3.2.2 Synthesis of phosphonium based silane (PPhSi) ........................................ 66 
3.2.3 Synthesis of phosphonium based silane coated magnetic nanoparticles 
(PPhSi-MNPs)...................................................................................................... 67 
3.2.4 Synthesis of carboxymethyl-β-cyclodextrin (CMCD) ................................ 67 
3.2.5 Synthesis of carboxymethyl-β-cyclodextrin polymer (CDpoly) ................ 68 
3.2.6 Surface modification of magnetic nanoparticles with CM-β-CD (CMCD-
MNPs) .................................................................................................................. 69 
3.2.7 Surface modification of magnetic nanoparticles with CM-β-CD polymer 
(CDpoly-MNPs) ................................................................................................... 70 
3.2.8 Synthesis of janus magnetic nanoparticles (JMNPs) .................................. 71 
3.3 Batch experiments .............................................................................................. 73 
3.3.1 Adsorption and desorption of As(V) and Cr(VI) ions onto PPhSi-MNPs .. 73 
3.3.2 Adsorption and desorption of heavy metal ions onto CDpoly-MNPs ........ 74 
3.3.3 Adsorption of acid blue 25 and Pb
2+
 onto CMCD-MNPs .......................... 76 
3.3.4 Adsorption of Hg
2+
 onto bare, janus and fully amin coated magnetic 
nanoparticles ........................................................................................................ 77 
3.4 Analytical methods ............................................................................................ 78 
  iii 
3.4.1 Fourier-transform infrared spectroscopy (FTIR) ........................................ 78 
3.4.2 Transmission electron microscopy (TEM) ................................................. 79 
3.4.3 X-ray diffraction (XRD) analysis ............................................................... 79 
3.4.4 Vibrating sample magnetometer (VSM) ..................................................... 80 
3.4.5 Zeta potential analysis................................................................................. 80 
3.4.6 Thermogravimetric analysis (TGA) ............................................................ 81 
3.4.7 X-ray photoelectron spectroscopy (XPS) ................................................... 81 
3.4.8 Inductively coupled plasma mass spectrometry (ICP-MS) ........................ 82 
Chapter 4. Ionically modified magnetic nanoparticles for arsenic and chromium 
removal ........................................................................................................................ 83 
4.1 Introduction ........................................................................................................ 83 
4.2 Results and discussion ....................................................................................... 87 
4.2.1 Synthesis and characterization of magnetic nanoparticles .......................... 87 
4.3 Adsorption of As(V) and Cr(VI) ions ................................................................ 92 
4.3.1 Effects of pH ............................................................................................... 92 
4.3.2 Effects of contact time and adsorption kinetics .......................................... 94 
4.3.3 Equilibrium studies of As(V) and Cr(VI) ................................................... 97 
4.3.4 Adsorption mechanism ............................................................................. 101 
4.3.5 Effect of coexisting ions ........................................................................... 103 
4.3.6 Desorption ................................................................................................. 104 
4.4 Conclusion ....................................................................................................... 106 
References .............................................................................................................. 108 
Chapter 5. Selective heavy metals removal by Fe3O4/cyclodextrin polymer 
nanocomposites .......................................................................................................... 115 
5.1 Introduction ...................................................................................................... 115 
  iv 
5.2 Results and discussion ..................................................................................... 118 
5.2.1 Synthesis and characterization of magnetic nanoparticles ........................ 118 






 ions ........................................................... 122 
5.3.1 Effects of pH ............................................................................................. 122 
5.3.2 Effects of ionic strength ............................................................................ 124 
5.3.3 Effects of temperature ............................................................................... 124 
5.3.4 Equilibrium studies in single-component system ..................................... 125 
5.3.5 Effects of contact time and adsorption kinetics ........................................ 130 
5.3.6 Multi-component adsorption ..................................................................... 133 
5.3.7 Adsorption mechanism ............................................................................. 137 
5.3.8 Desorption and reusability ........................................................................ 140 
5.4 Conclusion ....................................................................................................... 142 
References .............................................................................................................. 144 
Chapter 6. Simultaneous removal of acid blue-25 and Pb
2+
 from aqueous solutions 
using carboxymethyl-β-cyclodextrin functionalized magnetic nanoparticles ........... 153 
6.1 Introduction ...................................................................................................... 153 
6.2 Results and discussion ..................................................................................... 156 
6.2.1 Synthesis and characterizations of nano-sized magnetic particles ........... 156 
6.3 Adsorption of AB 25 and Pb
2+
 ......................................................................... 163 
6.3.1 Effect of pH............................................................................................... 163 
6.3.2 Effects of contact time and adsorption kinetics ........................................ 166 
6.3.3 Equilibrium studies of AB 25 and Pb
2+
 .................................................... 170 
6.4 Conclusion ....................................................................................................... 176 
References .............................................................................................................. 177 
  v 
Chapter 7. Synthesis and characterization of janus magnetic nanoparticles and its 
application as an adsorbent ........................................................................................ 180 
7.1 Introduction ...................................................................................................... 180 
7.2 Particle characterization ................................................................................... 181 
7.2.1 Scanning electron microscopy (SEM) and energy dispersive X-ray analysis 
(EDX) ................................................................................................................. 181 
7.2.2 Fourier transform infrared spectroscopy (FTIR) ...................................... 183 
7.2.3 Thermogravimetric analysis (TGA) .......................................................... 184 
7.2.4 Transmission electron microscopy (TEM) ............................................... 185 
7.3 Results and discussion ..................................................................................... 185 
7.3.1 Adsorption of Hg
2+
 ................................................................................... 185 
7.4 Conclusion ....................................................................................................... 188 
References .............................................................................................................. 189 
Chapter 8. Conclusion and recommendations ........................................................... 191 
8.1 Conclusion ....................................................................................................... 191 
8.2 Recommendations for future work .................................................................. 195 
8.2.1 Surface functionalization with ionic liquids ............................................. 195 
8.2.2 Using functionalized nanoparticles in hybrid membranes ........................ 196 
8.2.3 Improvement in the adsorption desorption capacity ................................. 197 
8.2.4 Exploring janus particles in biomedical application ................................. 197 
8.2.5 Exploring Langmuir-Blodgett technique for janus nanoparticles synthesis
............................................................................................................................ 198 
8.2.6 Packed bed and fluidized bed separation with nanoadsorbents ................ 200 
References .............................................................................................................. 202 
List of Publications .................................................................................................... 204 
  vi 
Summary 
 
Many industries like paint, leather, battery industries etc. discharge toxic 
heavy metals in the environment. These heavy metals are life-threatening for 
both human health and water bodies. Different methods like, filtration, ion 
exchange, membrane separation, adsorption etc. have been developed to 
remove the toxic heavy metal ions from the wastewater. Among those 
methods, adsorption has become popular because of its simplicity of 
operation. Recently, scientists are utilizing ferromagnetic nanoparticles to 
remove toxic heavy metals from wastewater. Ferromagnetic nanoparticles are 
superparamagnetic and offer very fascinating physical and chemical 
properties. The adsorption capability of these nanoadsorbents enhances when 
they are functionalized with other materials. In this research program, 
nanoparticles were functionalized with ionic liquid, beta cyclodextrin and its 
polymer, 3-aminopropyl(triethoxy)silane etc. and were exploited to remove 
heavy metals i.e., lead, cadmium, nickel, arsenic, chromium, mercury etc. The 
synthesized particles had been characterized by various instrumental methods, 
such as TEM, EDX, FTIR, SEM, VSM, TGA etc. The adsorption data have 
been analyzed through the adsorption isotherms and kinetic studies.  
 
A new type of ionic liquid ‘Phosphonium silane’ was synthesized in the 
laboratory and was successfully grafted on the surface of the magnetic 
nanoparticles. These particles were exploited to adsorb arsenic and chromium 
in their anionic form i.e., arsenate and chromate, since the coating has strong 
positively charged adsorption site. The reaction mechanism was studied and 
  vii 
predicted that the adsorption occurred via ion exchange mechanism. 
Moreover, these newly invented functionalized magnetic nanoparticles are 
capable enough to adsorb its target in presence of other co-existing 
competitive anions or radicals.   
 
Selective adsorption of lead was studied with the carboxymethyl-β-
cyclodextrin functionalized magnetic nanoparticles. Adsorption studies were 
carried out in single, binary and ternary mixtures. The other competitor 
pollutant heavy metal ions were cadmium and nickel. Adsorption of lead was 
found higher in all the three cases. Moreover, simulated wastewater sample 
was prepared in the laboratory by spiking different heavy metal ions in 
different compositions along with lead. Carboxymethyl-β-cyclodextrin 
functionalized magnetic nanoparticles showed fascinating capability of 
adsorbing lead to a higher extent in the simulated raw water sample also.  
 
Carboxymethyl-β-cyclodextrin polymer functionalized magnetic nanoparticles 
were exploited to adsorb organic and inorganic pollutant i.e., Acid blue 25 dye 
and lead simultaneously. In this case, the adsorption studies were carried out 
in single and binary mixtures. Acid blue 25 itself provided adsorption sites and 
thus enhanced the uptake of lead onto the surface of the magnetic 
nanoparticles. Lead also played a role as a coagulating agent for the dye and 
enhanced the adsorption of the dye more than three times, than the adsorption 
of dye onto the surface of the adsorbent in single component system. It was 
observed that, carboxymethyl-β-cyclodextrin polymer functionalized magnetic 
  viii 
nanoparticles were capable to remove both organic and inorganic pollutants 
simultaneously.  
 
Attempts were also taken to prepare partially functionalized magnetic 
nanoparticles or janus particles. These particles were synthesized by coating 3-
aminopropyl(triethoxy)silane partially onto the particle surface of magnetic 
nanoparticles via Pickering emulsion method. Both instrumental methods of 
characterization and adsorption of mercury proved that, the particles 
synthesized by this method were partially functionalized.  
  ix 
Nomenclature 
 
Symbols  Description 
B   Magnetic flux density 
Ce   Equilibrium concentration  
H   Magnetic field intensity  
KL   Langmuir constant 
KF   Freundlich constant  
M   Induced magnetic moment 
n   Arbitrary power constant  
qe   Adsorption at equilibrium  
qm   Maximum adsorption capacity 
Tc   Curie temperature  
TN   Neel temperature  
V   Volume 
W   Mass  
μ   Magnetic permeability 
   Magnetic susceptibility 
 
Abbreviation  
AB   Acid blue 25 (Dye) 
APTES                        3-aminopropyl triethoxy silane 
BET   Brunauer- Emmett-Teller method 
CF   Coercive force 
CMCD  Carboxymethyl-β-cyclodextrin 
EDTA   Ethylenediaminetetraacetic acid 
  x 
FF   Ferrofluids 
FTIR   Fourier transforms infrared spectroscopy 
IL   Ionic liquids  
ICP-MS  Inductively couple plasma mass spectrometry 
MNP   Magnetic nanoparticles 
MRF   Magnetorheological fluids 
PAA   Polyacrylic acid  
PDMAEMA  Polydimethylamino ethylmethacrylate 
PPhSi   Phosphonium silane  
PSSNa   Polystyrene sodium sulfonate 
RM   Remnant magnetization  
TEM   Transmission electron microscopy 
TGA   Thermogravimetric analysis 
VSM   Vibrating sample magnetometer 
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Chapter 1. Introduction 
 
1.1 General background  
 
Heavy metal pollution emerging from industrial effluents is now a major 
concern. Heavy metals are non-biodegradable and slowly accumulate in the 
living body organs or organisms and thereby show chronic effects eventually. 
Heavy metals are those metals which have specific gravity more than five 
times than that of water. They are detrimental for both human health and 
environment (Badruddoza et al. 2013). Paint industries, battery industries, 
tannery industries are few examples of major heavy metal effluent discharging 
sources (Malakootian et al. 2009; Ji et al. 2012; Turner and Sogo 2012; Chen 
et al. 2012; Macchi et al. 1993; Peng et al. 2012; Nogueira and Margarido 
2012). Industrial effluents containing heavy metals needs to be treated well 
before discharging and needs to be reduce the concentration of polluting 
elements down to its allowable limits. Some common heavy metals emerging 
from the industrial effluents are, lead, chromium, mercury, cadmium, nickel, 
zinc etc. Researchers are now very much concerned to remove these polluting 
metal ions from the wastewater stream. Several methods have been developed, 
such as adsorption, chemical filtration, ion exchange, membrane separation, 
liquid-liquid extraction, ultra-filtration etc. (Shamim et al. 2006; Badruddoza 
et al. 2013). Among these methods, adsorption of heavy metals onto cheap and 
recyclable adsorbents has attracted the attention of scientists. Magnetic 
nanoparticles (MNPs) are a good example of such cheap and useful adsorbent 




Magnetic separation method employing diverse magnetic particles can be 
explited for the separation of various chemicals, such as heavy metal ions and 
organic pollutants and biologically active compounds such as protein, nucleic 
acid and cells, both on a laboratory and industrial scale. Magnetic 
nanoparticles are distinctive because of several unique properties. These 
magnetic nanoparticles have an average particle size less than 100 nanometers, 
a saturation magnetization from 2 to 2000 emu/cm
3
 approximately, a phase 
transition temperature about 40 to 200 ºC, the average coherence length 
between adjacent magnetic nanoparticles is less than 100 nanometers and the 
magnetic nanoparticles are at least triatomic (Xingwu et al. 2006). 
 
Magnetic nanoparticles can be easily separated applying an external magnetic 
field and demagnetized immediately after removing the field. No residual 
magnetism retains (Liao and Chen 2002). Because of high specific surface 
energy, magnetite nanoparticles tend to aggregate together into larger clusters. 
The aggregation of magnetic nanoparticles can significantly decrease their 
interfacial area, thus resulting in the loss of magnetism and dispersibility. 
Therefore, the surface modification of nanoparticles is indispensable and the 
particle surface can be modified by grafting inorganic or organic coating. 
Surface functionalization of MNPs endows the particles with important 
properties. Modification of the surface of MNPs prevents agglomeration of the 
particles and thus stabilizes the colloidal system. Functionalization of the 
MNPs facilitates them with water-solubility, biocompatibility and non-
toxicity. Significant efforts have been made to modify the surface of magnetic 
nanoparticles and the preparation of organic–inorganic nanocomposites. The 
Chapter 1 
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combination of inorganic and organic components in a single particle at the 
nano-sized level has made accessible an immense area of new functional 
materials (Liao and Chen 2002). Inorganic materials such as silica, gold etc. 
(Bruce and Sen 2005), natural or synthetic polymers (Liao and Chen 2002; Du 
et al. 2009) are frequently explited as grafting materials. Some natural 
polymers include chitosan, dextran, gelatin, starch, cyclodextrin etc and 
synthetic polymers are polyacrylic acid, polyvinyl chloride, poly vinyl alcohol 
etc. (Badruddoza et al. 2013). 
 
1.2 Objectives of this project  
 
Separation technology is one of the most important areas of chemical 
engineering. Cost effective separation techniques are crucial factors in 
industrial production or purification of water or any other materials. Recently, 
functionalized nanosized particles have attracted the interest of the scientists 
and engineers as a tool of separation technology. Utilizing functionalized 
magnetic nanoparticles as an adsorbent becomes very popular. These particles 
facilitate magnetic separation. They have large specific surface area in 
comparison to the other adsorbents available. These particles are easy to 
prepare and also easy to funtionalize. Moreover, these particles are 
reproducable and can be used multiple times thus it reduces the cost of 
separation of detrimental pollutants like heavy metals. Recently, scientists 
have focused on the development of the nanomaterials as adsorbents for the 
separations of biomolecules, heavy metals, dyes, endocrine disruptors etc. 
However, very few works have been reported to separate heavy metals from 
the wastewater by magnetic nanoparticles. Some of the nano adsorbents 
Chapter 1 
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developed to adsorb heavy metals take longer time to produce and needs 
sophisticated instruments to prepare. Moreover, to separate the pollutant laden 
adsorbents from the system is a major challenge in separation technology. 
Cost effectiveness and efficiency of adsorption is another major concern.  
 
The overall objectives of this research program are to study the development 
and application of magnetic nanoparticles for separation of heavy metals in the 
form of cations or anions in single, binary or ternary mixtures. The desired 
goals of different procedures can be divided into the following- 
1. Synthesis of magnetic nanoparticles (Fe3O4) with or without coating with 
different materials (i.e., polymer, ionic liquid etc.) 
2. Characterization of the magnetic nanoadsorbents 
3. Study on the adsorption equilibrium, adsorption kinetics and effects of various 
parameters (i.e., pH) on adsorption of a heavy metals ions in the solution 
4. Competitive separation of a particular metal ion from multicomponent mixture 
5. Simultaneous adsorption of organic and inorganic pollutants 
6. Study on the desorption of adsorbed targets using different desorbing eluents 





1.3 Organization of the thesis  
 
This thesis is consists of eight chapters. Chapter 1 gives a brief outline on the 
general backgrounds and research objectives. Chapter 2 deals with literature 
reviews on different topics such as magnetic materials, coating materials etc. 
Chapter 3 is regarding the materials and methodology used throughout the 
entire work. Chapters 4-7 describe different methodology describing the 
synthesis, characterization and results and discussion of the experiment to 
achieve the targets. Chapter 8 consists of the brief conclusion and further 
recommendation of work. Relevant references have been included at the end 
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Chapter 2. Literature review 
 
2.1 Magnetism  
 
Magnetism is generated from the movement of electric charges. Electrons 
have spins that generate magnetic fields. Generally, all materials with unpaired 
electrons exhibit magnetism; however most of them display a negligible 
amount of magnetism. Electrons govern the magnetic properties of matter by 
spinning and via the orbital motion of electrons. The spin is a quantum 
mechanical property and can have value of ±½. That means electron direction 
is up (+½) or down (-½) (Leslie-Pelecky and Rieke 1996). No net magnetic 
field exists in an atom when its electrons form pairs with other electrons. Each 
electron in a pair spins in the opposite direction, and that cause their magnetic 
fields to cancel each other. On the other hand, an atom that has unpaired 
electrons will have a net magnetic field. The flow of charge in a circular 
current loop also creates a magnetic field. Therefore, electrons circulating 
around the nucleus of an atom produce atomic current loops which create 
magnetic fields. However, the magnetic momentum that is created from orbital 
motion of electrons is very weak and can be neglected when compared with 
other factors. Any electron in an atom has a magnetic moment because of 
either its spin or its spin and orbital motion. The magnetic moment of a 
material is the measure of the strength of the dipole. There are many 
magnetization terms required to understand this phenomenon (Lee et al. 1996). 
The magnetic induction or magnetic flux density (B) is related to magnetic 
field (H) as in the equation given below- 
B = μH 
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In this equation μ is the magnetic permeability, and it has high values for 
materials that are easily magnetized. Placing a material in an applied magnetic 
field can induce a magnetic field that is the sum of applied field (H) and the 
magnetization M as in the Equation- 
B = μH + μM 
The magnetization is the induced magnetic moment in the material per unit 
volume. The magnetism of weak magnetic materials is usually measured by 
magnetic susceptibility. That is the ratio between the magnetization and the 
applied field as in the following equation- 
 = M/ H 
Materials respond differently when placed within an external magnetic field 
depending on many factors such as atomic and molecular structure of the 
material and the net magnetic field associated with the atoms. The external 
magnetic field is typically applied by a permanent magnet or by an 
electromagnet. The materials can be classified by their response to the applied 
magnetic field into five types: diamagnetic, paramagnetic, ferromagnetic, anti 
ferromagnetic, and ferrimagnetic.  
 
Diamagnetic materials have a very weak and negative susceptibility to 
magnetic fields and are slightly repelled by an applied magnetic field. 
Furthermore, the material does not retain the magnetic properties when the 
external field is removed. Diamagnetism is observed in materials with all 
electrons paired giving a net spin of zero and, therefore, there is no permanent 
net magnetic moment per atom. Diamagnetic properties are generated from the 
orbital motion of electrons under the influence of an applied magnetic field 
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which creates a small magnetic dipole within the atom that is opposite to the 
applied field. In fact, diamagnetic interactions increase with increasing atomic 
size. Most elements in the periodic table are diamagnetic (Sun 2002).  
 
All of the other types of magnetic behavior mainly depend on unpaired 
electrons in atomic shells of each atom. Paramagnetic materials are attracted 
by a magnetic field but do not become permanently magnetized. They have a 
small and positive susceptibility to magnetic fields. Paramagnetic properties 
are due to the presence of a number of unpaired electrons and from electron 
orbital motions caused by the external magnetic field. The paramagnetism 
requires that each atom have permanent dipole moments even without an 
applied field. These atomic dipoles do not interact with one another and are 
randomly oriented in the absence of an external field leading to zero net 
magnetic moment. Paramagnetic materials do not have long-range order. 
Paramagnetism and diamagnetism only exist with an applied magnetic field 
and also they do not retain permanent magnetization without an applied 
magnetic field (El-Hassan 1991; Lee et al. 1996). 
 
Ferromagnetic materials can exhibit a spontaneous magnetization without 
application of an external magnetic field. In the material, microscopic regions 
with particular alignment of atomic magnetic dipoles are known as domains. If 
these domains are oriented parallel, this material has ferromagnetism. 
Ferromagnetism is responsible for the magnetic behavior encountered in 
everyday human life. In industry, the most important ferromagnetic elements 
are iron, cobalt, and nickel. On the other hand, if these domains are oriented 
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anti-parallel or unequal parallel and anti-parallel then the materials are known 
as antiferromagnetic and ferrimagnetic, respectively. Ferromagnetic and 
ferrimagnetic materials display paramagnetic behavior above a certain 
temperature that is known as the Curie temperature (Tc), because of a thermal 
agitation. Also, anti ferromagnetic materials possess paramagnetic behavior 
above the Néel temperature (TN) (Sun 2002). 
 
When a ferromagnetic material is placed in magnetic field, it will gain 
magnetization. Additionally, it will not relax back to zero magnetization after 
the applied field is removed. The magnetization of a material will trace out a 
loop that is known as a hysteresis loop. A hysteresis loop illustrates the 
relationship between the magnetic induction and the magnetizing force 
(applied magnetic field). The loop is often referred to as the B-H loop. When 
the applied magnetic field increases, the magnetic induction increases, 
following the line ‘0-1’ in the Figure 2-1. Consequently, all magnetic dipoles 
in the material are parallel with an applied field. That means the material 
reaches the saturation state, point 1. When the applied field decreases until it 
reaches zero, the magnetization does not follow the same line ‘1-0’. However, 
the material retains some magnetic induction that is called ˝remnant induction 
or magnetization˝ (RM). Indeed, the remnant magnetization requires a 








Magnetic properties exhibit a size effect in which the magnetic materials act 
similarly to paramagnetic materials even at temperatures below the Curie or 
the Neel temperature. Nanometer scale magnetic particles captured the 
attention of many researcher groups because of their numerous technological 
applications and their unique magnetic and chemical properties that differ 
from the bulk materials.  Magnetic nanoparticles describe particles with size 
scales from 1 to 100 nm. Superparamagnetism occurs when a ferromagnetic 
material is composed of very small nanoparticles. Each material has its own 
range of particle size at which it exhibits the superparamagnetic property (Sun 
2002; Leslie-Pelecky and Rieke 1996). For instance; the critical size of 
magnetite is less 25 nm (Lee et al. 1996). Superparamagnetic materials will 
not have remnant magnetization when the applied field is removed. The 
number of domains in a particle decreases with decreasing particle size. At the 
critical particle size, the particle is a single domain, and it takes very little 
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energy to change the direction of its magnetization that is known as crystalline 
anisotropy. Moreover, the magnetic induction saturation reaches maximum 
with lower applied magnetic fields compared with counterpart bulk materials, 
which results in a large coercive force and a low remnant magnetization. 
2.2 Mechanism of magnetic separation  
 
A gradient magnetic field plays the role for the transportation of magnetic or 
magnetically susceptible particles in magnetic separation. Generally, magnetic 
separation could be divided into two parts: separation of magnetic materials 
and separation of non magnetic materials. In the first method, magnetic 
separation of the target molecule could be achieved without further 
modification of magnetic materials. 
 
The adsorptive separation is achieved by one of three mechanisms: steric, 
kinetic, or equilibrium effect. The steric effect derives from the molecular 
sieving properties of magnetic and molecular sieves. In this case only small 
and properly shaped molecules can diffuse into the adsorbent, whereas other 
molecules are totally excluded. Kinetic separation is achieved by virtue of the 
differences in diffusion rates of different molecules. A large majority of 
processes operate through the equilibrium adsorption of mixture and hence are 
called equilibrium separation processes (Honda et al. 1999) as indicated 
above; the second type of magnetic separation is applied for different kind of 
separation industries. The principle of this separation process is to use 
magnetic particles coated with some intermediates, such as surfactant, 
polymer and ligand to adsorb the bimolecular, which can be separated by 




Figure 2- 2 Schematic diagram of the magnetic separation of non magnetic 
targets (Tri 2009) 
 
2.3 Ferrofluids and its preparation 





) oxide (Fe3O4) or ferrous ferric oxide is also known as magnetite or 
lodestone in its mineral form which is a major iron ore (Cornell et al. 2003). 
Ferrofluids are composed of nanoscale particles (diameter usually 10 
nanometers or less) of magnetite, hematite or some other compound 
containing iron. This is small enough for thermal agitation to disperse them 
evenly within a carrier fluid, and for them to contribute to the overall magnetic 
response of the fluid.  
 
These type fluids are colloidal mixtures composed of nanoscale ferromagnetic, 
or ferrimagnetic, particles suspended in a carrier fluid, usually an organic 
solvent or water. The ferromagnetic nanoparticles are coated with a surfactant 
to prevent their agglomeration due to Van der Waals forces and magnetic 
forces. Although the name may suggest otherwise ferrofluids do not display 
ferromagnetism since they do not retain magnetization in the absence of an 
externally applied field. In fact ferrofluids display (bulk scale) paramagnetism, 
Chapter 2 
 15 
and are often described as "superparamagnetic" due to their large magnetic 
susceptibility. 
 
Ferrofluids are stable. This means that the solid particles do not agglomerate 
or phase separate even in extremely strong magnetic fields. However, the 
surfactant tends to break down over time and eventually the nanoparticles will 
agglomerate, and they will separate out and no longer contribute to the fluid's 
magnetic response. The term magnetorheological fluid (MRF) refers to liquids 
similar to ferrofluids (FF) that solidify in the presence of a magnetic field. 
Magnetorheological fluids have micrometer scale magnetic particles that are 
one to three orders of magnitude larger than those of ferrofluids. However, 
ferrofluids lose their magnetic properties at sufficiently high temperatures, 
known as the Curie temperature. The specific temperature required varies 
depending on the specific compounds used for the nanoparticles. Ferrofluids 
can be prepared in different techniques like co-precipitation method, 
decomposition technique etc. Among these, co-precipitation method is most 
popular and generally carried out in the laboratories (Shen et al. 2009; Cornell 
et al. 2003).  
 
FeCl2 and FeCl3 solutions were prepared by adding FeCl2.4H2O and 
FeCl3.7H2O, into de-ionized water and stirring to complete dissolution. The 
NaOH solution is prepared by dissolving NaOH into de-ionized water. These 
solutions prepared with various concentrations were mixed together by 
stirring. The reaction temperature is kept at 70
o 
C and the reaction time is one 
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hour. The final pH values of these mixed solutions were varied between 12 
and 14. The chemical reaction can be expressed as: 
FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH = Fe3O4 + 8NH4Cl + 20H2O 
 
The NaCl is separated from the precipitant of this reaction by washing and 
centrifuging it with de-ionized water several times leaving Fe3O4. The Fe3O4 
nanoparticle ferrofluids were fabricated using nanometer size Fe3O4 particles 
as magnetic particles, ammonium oleate as surfactant, and de-ionized water as 
solvent. The weight ratio of (magnetic particles: ammonium oleate: de-ionized 
water) is 2.0 : 0.6 : 97.4. (Wu et al. 2001). Instead of NaOH, ammonia solution 
also can be used and this is described in chapter 3 (Tri et al. 2009).  
2.4 Magnetic nanoparticles 
Magnetic nanoparticles have been synthesized and applied in many fields in 
the early seventies and since then magnetic technology has been developed 
quickly. With the developing techniques to identify the nanosized structure, 
nanoparticles have also been studied. It is now the exploration period of 
nanoparticles. 
 
Magnetic particles are of importance not only in the industrial technology but 
also in environmental technology. Recently, magnetic particles have wide 
applications in the biological and medical diagnosis fields. Several types of 
iron oxides have been investigated in the filed of nanosized magnetic particles, 




2.4.1 Properties of magnetic particles 
One of the interesting properties of magnetic particle is Superparamagnetism, 
which is characterized by zero intrinsic coercivity and no residual magnetism. 
Superparamagnetism is the phenomenon by which magnetic materials exhibit 
a behavior similar to paramagnetism at temperatures below Curie temperature. 
 
Normally, coupling forces in magnetic materials causes the magnetic moments 
of neighboring atoms to align, resulting in very large internal magnetic field. 
At temperatures above Curie temperature, the thermal energy is sufficient to 
overcome the coupling forces, causing the atomic magnetic moments to 
fluctuate randomly. Because there is no longer any magnetic order, the 
internal magnetic field no longer exists and the material exhibits paramagnetic 
behavior. Superparamagnetism occurs when the material is composed of very 
small crystallites (1-10 nm). In this case, even though the temperature is below 
Curie temperature and the thermal energy is not sufficient to overcome the 
coupling forces between neighboring atoms, the thermal energy is sufficient to 
change the direction of magnetization of the entire crystallite. The resulting 
fluctuations in the direction of magnetization cause the magnetic field to 
average to zero. The susceptibility of magnetic fluid can be described by the 
Curie law. The susceptibility changes with temperature according to Curie-
Weiss Law.  
 
Where, 
 = the magnetic susceptibility  
Chapter 2 
 18 
C = a material specific Curie constant  
T = absolute temperature, measured in Kelvin  
Tc = the Curie temperature, measured in Kelvin  
2.4.2 Surface modification of magnetic nanoparticles 
Ferrofluids are stable colloidal suspensions of single domain ferro or 
ferromagnetic particles in a liquid carrier. Since bare nanosized particles have 
a tendency to aggregate and thereby reduce their surface energy and active 
surface area, coating the magnetic particles by functionalized material is 
important for preparing stable magnetic particles and including functional 
groups on the surface of the nanoparticles. The particles in ferrofluid are 
coated with layers of surfactants to enable stabilization against gravitational 
force and to avoid strong interaction and agglomeration of the particles. The 
adsorbed surface layer hinders the particles’ approach to each other at a 
distance at which the attraction energy is larger than disordering energy of 
thermal motion hence, leading to stabilization of the particles. These 
nanocrystalline magnetic particles have attracted the increasing interest in the 
field of nanoscience and nanotechnology because of their unique and novel 
physiochemical properties that can be attained according to their size and 
shape morphology. In addition, considerable efforts have been given to the 
modification of the surfaces of such magnetic particles with polymeric 
substance to receive organic-inorganic nanocomposites. These 
nanocomposites has made accessible in immense area of new functional 
materials (Caruso 2001). Surface modification of nanoparticles could be 
carried out by following methods: 
a. Surface modification with inorganic molecules (Xu et al. 1997) 
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b. Surface modification with non-polymeric organic materials (Shen et al. 
1999) 
c. Surface modification with polymer (Caruso 2001) 
d. Surface functionalization with targeting legands (Zhang et al. 2002) 
2.4.3 Application of magnetic nanoparticles 
Magnetic nanoparticles have attracted technological interest owing to their 
magnetic and catalytic properties and many researchers have attempted to 
prepare magnetic nanoparticles with high functionality. Magnetic 
nanoparticles modified with organic molecules have been widely used for 
biotechnological and biomedical application because their properties can be 
magnetically controlled by applying and external magnetic field. They offer a 
high potential for numerous bio-applications such as protein adsorption and 
purification (O’Brien et al. 1996), gene targeting, drug delivery (Gupta et al. 
2004), magnetic resonance imaging (Halavaara et al. 2002), hyperthermia 
(Mitsumori et al. 1996), metal recovery and environmental application (Shin et 
al. 2007).   
2.5 Heavy metals and its pollution 
Heavy metals have higher specific gravities and as well as atomic mass. The 
term is usually applied to common transition metals, such as copper, lead, and 
zinc. These metals are a cause of environmental pollution from a number of 
sources, including lead in petrol, industrial effluents, and leaching of metal 
ions from the soil into lakes and rivers by acid rain. "Heavy metals" are 
chemical elements with a specific gravity that is at least 5 times than the 
specific gravity of water. The specific gravity of water is 1 at 4 °C (39 °F). 
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Some common toxic metallic elements have specific gravity 5 times or more 
than that of water (Lide 1992). Some of them are arsenic, 5.7; cadmium, 8.65; 
iron, 7.9; lead, 11.34; and mercury, 13.546. Heavy metal ions carry positive 
charge. Zinc, copper, and mercury for instance, carry a 2
+
 charge. Soil 
particles and loose dust also carry charges. Most clay minerals have a net 
negative charge. Soil organic matter tends to have a variety of charged sites on 
their surfaces, some positive and some negative. The negative charges of these 
various soil particles tend to attract and bind the metal cations and prevent 
them from becoming soluble and dissolved in water. The soluble form of 
metals is thought to be more dangerous because it easily is transported and 
more readily available to plants and animals. By contrast, soil bound metals 
tend to stay in place. 
Metal behavior in the aquatic (streams, lakes and rivers) environment is 
surprisingly similar to that outside a water body. Streambed sediments exhibit 
the same binding characteristics found in the normal soil environment. As a 
result, many heavy metals tend to be sequestered at the bottom of water 
bodies. Some of these metals will dissolve. The aquatic environment is more 
susceptible to the harmful effects of heavy metal pollution because aquatic 
organisms are in close and prolonged contact with the soluble metals. 
pH tends to be a master variable in this whole process. pH is a measure of the 
concentration of hydrogen (H
+
) ions dissolved in water. H
+
 is the ion that 
causes acidity; however, it is also a cation. As a cation it is attracted to the 
negative charges of the soil and sediment particles. In acid conditions, there 
are enough H
+
 ions in to occupy many of the negatively charged surfaces of 
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clay and organic matter. Little room is left to bind metals, and as a result, more 
metals remain in the soluble phase. 
The presence of toxic metals in our systems is highly significant for they are 
capable of causing serious health problems through interfering with normal 
biological functioning. Although they can be found in high concentrations in 
the body, a number of these heavy metals (aluminum, beryllium, cadmium, 
lead and mercury) have no known biological function. Others (arsenic, copper, 
iron and nickel) are thought to be essential at low concentrations, but are toxic 
at high levels. Generally speaking, heavy metals disrupt metabolic function in 
two basic ways: 
1. First, they accumulate and thereby disrupt function in vital organs and glands 
such as the heart, brain, kidneys, bone, liver, etc. 
2. Second, they displace vital nutritional minerals from where they should be in 
the body to provide biological function. For example, enzymes are catalysts 
for virtually every biochemical reaction in all life sustaining processes of 
metabolism. But instead of calcium being present in an enzyme reaction, lead 
or cadmium may be there in its place. Toxic metals cannot fulfill the same role 
as the nutritional minerals, thus their presence becomes critically disruptive to 
enzyme activity. 
Heavy metals pollutions are problems that impel rapid development of water 
treatment technology. They have severe environmental impacts and ever 
present risks associated with mismanagement. Presence of heavy metals such 
as cadmium, mercury, and lead in water resources creates severe 
environmental and public health problems, for example in the case of mercury 
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which can cause kidney and liver failure as well as foetal brain disorder.  
Different techniques have been developed to remove these toxic heavy metals 
from wastewater e.g., chemical separation, filtration, membrane separation, 
electrochemical treatment, ion exchange and adsorption (Tri et al. 2009).  
2.5.1 Sources of heavy metal pollution and its effects 
The contamination of heavy metals may occur in different ways. Here only 
sources of mercury ion discharge and its tremendous detrimental effects on 
human body are noted below: 
Heavy metal discharging sources: Heavy metals are discharged in the 
environment through various activities. Some of them are man made and some 
of them are natural. Some of the sources are adhesives, air conditioner filters, 
algaecides, antiseptics, battery manufacturing, cosmetics, dental amalgams, 
diuretics, fungicides, germicides, industrial waste, insecticides, laxatives, 
paints, paper products, pesticides, sewage disposal, tanning leather, wood 
preservatives etc (Tri et al. 2009; Vieira and Beppu 2006; Jeon and Park 2005; 
Ito et al. 2005; Huang et al. 2009). 
Harmful effects on human body: Heavy metals create very harmful effects 
on human bodies. Some of them are acute and some of them have chronic 
effects. Such as- allergy, anorexia, anxiety, birth defects, brain damage, 
deafness, depression, dermatitis, dizziness, eczema, fatigue, headaches, 
immune dysfunction, insomnia, joint pain, kidney damage, mental retardation, 
migraines, nervousness, numbness, rashes, retinitis, schizophrenia, suicidal 
tendencies etc (Tri et al. 2009; Vieira and Beppu 2006; Jeon and Park 2005; 
Ito et al. 2005; Huang et al. 2009).  
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Table 2- 1 A list of works on heavy metal removal from waste water by 
various adsorbents 
 
Adsorbent  Target Reference  
Ferrihydrite  Arsenite, Arsenate  (Klaus et al. 
1998) 
Iron oxide minerals  Arsenite, Arsenate (Dixit and 
Hering 2003) 
Hydrous ferric oxide Arsenic  (Jennifer et al. 
1996) 
Zero Valent Iron Arsenite  (Kanel et al. 
2005) 
Ferrihydrite surface 
charge reduction  
Arsenite, arsenate  (Jain et al. 1999) 
Iron oxide coated 
polymeric materials  
Arsenic  (Katsoyiannis 
and Zouboulis 
2002) 





Mercury, Lead, Silver, 
Cadmium, Thallium, 
Arsenic  
(Yantasee et al. 
2007) 
Iron (II) and Iron (III)  Arsenic  (Roberts et al. 
2004) 
Pillared clays and iron 
oxide  
Arsenic  (Lenoble et al. 
2002) 
Natural hematite, 
magnetite and goethite  




Iron oxide loaded slag  Arsenic  (Zhang and Itoh 
2005) 




Arsenate  (Jiménez-Cedillo 
et al. 2009) 
Lamellar kenyaite  Arsenic  (Guerra et al. 
2009) 
Niger Biomass  Arsenic  (Pokhrel and 
Viraraghavan 
2008) 
Ferrous based red mud 
sludge  




Arsenic  (Camacho et al. 
2011) 
Enhanced coagulation 
with ferric ions and 
coarse calcite  
Arsenic  (Song et al. 
2006) 
Laterite soil  Arsenic  (Maji et al. 2008) 
Fly ash  Arsenic  (Medina et al. 
2010) 
Zero valent iron assisted 
by solar radiation  
Arsenic  (Cornejo et al. 
2008) 
Iron coated pottery 
granules  
Arsenic  (Dong et al. 
2009) 




Synthetic zeolite  Arsenic  (Chutia et al. 
2009) 
Iron (III) phosphate  Arsenic  (Lenoble et al. 
2005) 
Amino functionalized 
magnetic nano adsorbent  










Copper  (Badruddoza et 
al. 2011) 
Activated Carbon Chromium  (Mohan and 




Chromium  (Dadhaniya et al. 
2009) 
Modified walnut shells  Chromium  (Altun and 
Pehlivan 2012) 
Kaolinite surface  Chromium  (Rao et al. 2012) 
Prawn shell activated 
carbon  
Chromium (Arulkumar et al. 
2012) 
Pillared bentonite  Chromium (Zhang et al. 
2012) 
Nanoscale zero valent 
iron  
Chromium (Lv et al. 2012) 
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Chromium (Geng et al. 
2009) 
Michellar compounds  Chromium (Sadaoui et al. 
2009) 
Aluminium magnesium 
mixed hydroxide   
Chromium (Li et al. 2009) 
Layered double 
hydroxide  





Mercury  (Dong 2008) 
Magnetic nano and 
microparticles  
Mercury  (Ngomsik et al. 
2005) 
Thiol grafted chitosan  Mercury  (Merrifield et al. 
2004) 






Lead  (Wang et al. 
2010) 




Activated carbon from 
Eichhornia  
Lead  (Shekinah et al. 
2002) 
Carbon aerogel  Cadmium, Lead, 
Mercury, Copper, 
Nickel, Manganese, Zinc  




Lead  (Shukla and Pai 
2005) 








magnetic nanoparticles  
Lead, Chromium, 
Cobalt, Nickel, Copper, 
Cadmium, Arsenic,   
bacterial pathogens  





Mercury, lead  (Li et al. 2011) 
Natural pearlite, 
dolomite and diatomite  
Lead  (Irani et al. 2011) 
Polyamides, 
polythioamides  
Lead, Cadmium, Copper, 
Chromium  




Lead, arsenic  (Yin et al. 2011) 
Magnetic alginate beads  Lead  (Bée et al. 2011) 




Natural and pretreated 
zeolites  
Lead  (Ismael et al. 
2011) 
Magnetic nanoadsorbent  Lead  (Nassar 2010) 
Sodium titanate 
nanotubes  
Cadmium, Copper, Zinc, 
Calcium, Stronsium, 
Nickel 
(Du et al. 2011) 
Mineral matrix of 
tropical soil  




Olive stone waste  Lead, Nickel, Copper, 
Cadmium  
(Fiol et al. 2006) 
Magnetic hydroxyapatite 
nanoparticles  
Cadmium, Zinc (Feng et al. 
2010) 
Valonia Tannin resin  Lead, Copper, Zinc  (Şengil and 
Özacar 2009) 
Italian red soil  Lead, Copper, Cadmium, 
Nickel  
(Petrangeli 
Papini et al. 
2004) 
EDTAD modified 
magnetic baker’s yeast 
biomass 
Lead, Cadmium  (Zhang et al. 
2011) 
Ethelenediamine hybrid 
nanoribbon membrane  
Lead, Cadmium, Cobalt, 
Copper 
(Yu et al. 2011) 
Pineapple peel fibre with 
succinic anhydride  
Copper, Cadmium, Lead  (Hu et al. 2011) 
Humic acid coated 
magnetic nanoparticles  
Mercury, Lead, 
Cadmium, Copper  
(Liu et al. 2008) 
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2.6 Cyclodextrin and its classification 
 
Cyclodextrins (CDs) are a group of compounds made of starch molecules 
bound together in an organic cyclic ring. They compose of five or more α (1-
4) linked D-glucopyranoside units linked one as those in amylose. They are 
also known as cycloamyloses, cyclomaltoses and Schardinger dextrins (Veen 
et al. 2000). Particularly, they contain 6 to 8 glucose monomers in one ring 
(Szente and Szejtli 1999; Szejtli  2004). There are three types of CDs, α, β and 
γ, which have 6, 7 and 8 membered of sugar-sing molecules, respectively. All 
types of CDs are toroidal, hollow truncate cones with external hydrophilic 
rims and internal hydrophobic cavity. The hydrophobic cavity can form 
inclusion with guest molecule(s) in aqueous medium, whereas the hydroxyl 
groups of the molecules have the ability to form cross linking with coupling 
agents (Szejtli 1998). CDs are produced by an intramolecular 
transglycosylation reaction by degrading starch with cyclodextrin 
glucanotransferase (CGTase) enzyme (Szente and Szejtli 1999; Szejtli 2004).  
 
CDs can be classified into three types, alpha-, beta- and gamma-cyclodextrins. 
They are crystalline, homogeneous, non-hygroscopic substances, and torus-
like macro-rings built up from monomers, glucopyranose units. CDs are 
specifically constituted by 6-8 glucopyranoside units, and can be visualized as 
toroids with larger and smaller openings as shown in Figure 2-4. The interior 
part is not hydrophobic, but it is considered to less hydrophilic than the 
aqueous environment. Therefore, it is able to be host to other hydrophobic 
molecules as illustrated in Figure 2-4. On the other hand, the exterior part is 
sufficiently hydrophilic functioning to impart either CDs or their complexes 
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water solubility (Szente and Szejtli 1999; Szejtli 2004). Dimensions and 
hydrophilic/hydrophobic regions of α-, β- and γ-CD molecules are 
demonstrated in Figure 2-3. 
 
 
Figure 2- 3 Three types of cyclodextrin 
 
In aqueous solution, the CD cavity is slightly occupied by water molecules 
based on polar-apolar interaction or by appropriate guest molecules which are 
less polar than water. The dissolved CD is the 'host molecules' and several 
factors contribute as the driving force of the complexes formation (Liu and 
Guo 2002), for instance (i). hydrophobic interactions between hydrophobic 
“guest” molecules and the CD cavity, (ii) hydrogen bond links between polar 
functional groups of “guest” molecules and CD hydroxyl groups, (iii) Van der 
Waals interactions between hydrophobic “guest” molecules and the CD cavity, 
(iv) the substitution of the high enthalpy water molecules by an appropriate 
guest molecules in the cavity, (v) release of energy by conformational 
changes, (vi) dipole and dispersive interactions, (vii) charge transfer 
interaction and (viii) electrostatic interactions. The formation of the inclusion 
complexes also uses physiochemical of guest molecules so they can be 
temporarily locked or caged within the host cavity of CDs (Crini and 
Morcellet 2002). Among the factors, hydrophobic interactions had been 
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mainly considered as the major factor in complexation (Crini and Morcellet 
2002), even though the nature of the substrate included determines the 
contributions of each of those forces. The association of the CD and guest 
molecules and the dissociation of the CD or guest complexes formed are 
governed by the thermodynamic equilibrium (Liu and Guo 2002; Szejtli 
1998). One or two or three CD molecules contain one or more encapsulated 
guest molecules, commonly, the host guest ratio is 1:1, as shown in Figure 2-
4. This is the essence of “molecular encapsulation” and the simplest and also 
the most frequent case. However, 2:1, 1:2 and 2:2 or even more complicated 
associations and higher order equilibria exist and almost simultaneously 
(Szejtli 1998; Szejtli 2004). The ability to form inclusion complexes of CDs 
has been developed for more than 30 years (Crini and Morcellet 2002). 
Consequently, this ability makes CDs and CDs based materials are applied in 
food, pharmaceuticals, cosmetics, environment protection, bioconversion, 
packing and the textile industry (Crini and Morcellet 2002; Szente and Szejtli 









2.7 Ionic liquids (Ils) and its application  
 
An ionic liquid (IL) is a salt in the liquid state. Room temperature ionic liquids 
(ILs) are generally composed of organic cations and inorganic anions and are 
liquids at room temperature. They have been shown to be suitable reaction 
media for synthesis, catalysis, electrochemistry, separation and extraction, 
chromatography, enzyme immobilization etc. In some contexts, the term has 
been restricted to salts whose melting point is below some arbitrary 
temperature, such as 100 °C (de los Ríos et al. 2012). These substances are 
variously called liquid electrolytes, ionic melts, ionic fluids, fused salts, liquid 
salts, or ionic glasses. ILs have many applications, such as powerful solvents 
and electrically conducting fluids (electrolytes). Salts that are liquid at near-
ambient temperature are important for electric battery applications, and have 
been used as sealants due to their very low vapor pressure. The ionic bond is 
usually stronger than the Van der Waals forces between the molecules of 
ordinary liquids. For that reason, common salts tend to melt at higher 
temperatures than other solid molecules (Gharehbaghi and Shemirani 2012; 
Zhu et al. 2012). Low-temperature IL can be compared to ionic solutions, 
liquids that contain both ions and neutral molecules, and in particular to the 
so-called deep eutectic solvents, mixtures of ionic and non-ionic solid 
substances which have much lower melting points than the pure compounds. 
Certain mixtures of nitrate salts can have melting points below 100 °C 
(Fernández et al. 2010). 
ILs normally consist of an organic cation (e.g. imidazolium, pyridinium, 
pyrrolidinium, phosphonium, ammonium) and a polyatomic inorganic anion 
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(e.g. tetrafluoroborate, hexafluorophosphate, chloride) or, an organic anion (e.
g. trifluoromethylsulfonate, bis[(trifluoromethyl)sulfonyl]imide). Different de-
grees of toxicity have been reported from ILs, compared to that of chemicals 
currently used as solvent in chemical industry, which could be explained by 
the enormous variety of ionic liquids. However, it should be noted that the 
main advantage of these media, in contrast to conventional solvents, are their 
negligible vapour pressure usually associated with ILs, which results in lower 
emissions and consequently in a reduced exposure and their good chemical 
and thermal stabilities, being therefore considered as environmentally benign 
solvents as compared to volatile organic solvents. Additionally, 
physicochemical properties of ionic liquids can be varied by alternating the 
substitutive group on the cation or the combined anion. Such tuning may 
enable to find not only ILs with desirable physicochemical properties (density, 
viscosity and mutual miscibility with other solvents) but also ILs adjusted for 
particular applications. Ionic liquids are being used in Chemical industry, 
Pharmaceuticals, Cellulose processing, Gas handling, Solar thermal energy, 
Waste recycling, batteries, heavy metal removal etc.  
Ionic liquids are a new type of solvent, and they are capable of producing 
substantial industrial and environmental benefits. They are often called green 
solvents. Not all ionic liquids are green. Ionic liquids are not intrinsically 
"green" they span the whole range, and some are extremely toxic. The issues 
of toxicity and biodegradability of ionic liquids are of increasing importance 
(Vidal et al. 2005; Wei et al. 2003; Sun et al. 2008; de los R os et al.  010).  
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For example imidazolium ionic liquids with small alkyl chains are about as 
toxic (to environmental organisms) as many organic solvents, however as the 
chains get longer the toxicity increases. [Bmim]Cl, however, has been shown 
to have acute oral toxicity. Biodegradability works in the reverse direction, 
imidazolium ionic liquids with longer alkyl chains show evidence 
biodegradability, but those with shorter chains are not readily biodegradable 
(Gharehbaghi and Shemirani 2012). 
 Processes that employ ionic liquids are-  
 are more efficient 
 are greener, and more environmentally friendly 
 use less energy 
 produce less waste 
 are safer to use and transport 
 pollute less 
 are more sustainable 
Ionic liquid conjugation with the magnetic nanoparticles is a preferable nano 
adsorbent because they have strong binding sites onto its surface. Moreover, 
very less quantity of ionic liquids is required to coat 1 gm of magnetic 
nanoparticles (Chapter 4). Some notable works on ionic liquids as a tool for 






Table 2- 2 Few notable works on ionic liquids as adsorbent for heavy metals 
Adsorbent (ILs) Target  Reference  
Imidazolium and ammonium-
based ionic liquids 
Zinc, Cadmium, 
Copper, Iron 













(Zhu et al. 2012) 
1-n-alkyl-3-
methylimidazolium and 
tetraalkyl ammonium cations 
combined with several anions 
(hexafluorophosphate, 
bis{(trifluoromethyl)sulfonyl}
imide, tetrafluoroborate, and 
chloride)  
Zinc, Cadmium, 
Copper, Iron  























Lead, Silver, Copper 
(Wei et al. 2003) 
Phosphonium Silane   Arsenic, Chromium (Shawon et al. 
2013; Chapter 4) 
 
2.8 Acid blue (Dye) 
 
Dyes are chemical compounds used to impart colour by attaching themselves 
to the textile materials. There are two types of dyes, natural and syntheic. 
Some industries use natural as well as synthetic dyes. However, the synthetic 
becomes commonly used due to economical and efficiency reasons. 
Anthraquinone, phthalocyanine, triarylmethane and azo dyes are quantitatively 
the most important groups of synthetic dyes. The azo dyes characterized by an 
azo group consisting of two nitrogen atoms, are the largest class of dyes used 
in textile industry. Within the azo dyes, many dyes such as acid, reactive, 
disperse, vat, metal complex, mordant, direct, basic and sulfur dyes, can be 
derived (Jorgensen 1999). Dyes are harmful for the water bodies as well as for 
the human health. Dyes are very harmful and they are reported to be toxic and 
carcinogenic. Textile industries discharges dyes with a very high 
concentrations and high pH. Before discharging, the effluents need to be 
treated well to keep the environment safe and sound.  
 
Anthraquinonic dyes represent the second most important class of commercial 
dyes after azo-compounds (Renault et al. 2008). Acid Blue 25 (AB25) is one 
type of anthraquinone dyes whose structure is depicted in Figure 2-4, and used 
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mainly for dying wool, polyamide, nylon, silk, paper, ink, aluminum, 
detergent, wood, fur, cosmetics, and leather.  
 
Figure 2- 5 Chemical Structure of Acid blue 25 
 
Table 2- 3 List of works on removal of dye and heavy metals 
 
Adsorbent  Target  Reference  
Cationized starch 
based materials  
Acid blue 25 (Renault et al. 2008) 
Chitosan Acid blue 25 (Szyguła et al.  009) 
Membrane 
bioreactior  
Acid blue 25 (Badani et al. 2005) 
Photocatalysis  Methyl 
Orange, Silver, 
Nickel 
(Zhao et al. 2010) 
Acid blue 25 Cadmium, Zinc (Aguayo-Villarreal 
et al. 2012) 
Cayra illinoinensis 
biosorbent   
Lead and acid 
blue 25 
(Hernández-
Montoya et al. 2011) 




methelyn blue  





Acid blue 25, 
lead  




2.9 Janus particles 
Janus particles are microscopic particles that are composed of at least two 
physically or chemically differing surfaces. A traditional goal in colloid and 
nanoscience was to obtain particles that are homogeneous in their chemical 
composition, and applications of this kind continue to have value in 
applications such as painting, ceramics, and photonic materials. The 
alternative idea of obtaining particles whose surface chemical composition 
differs on two sides of the particles. Anisotropic surface chemical 
composition, superposed on a homogeneous shape, could introduce 
asymmetric interactions that induce particles to self assemble.  
 
Metal removal or recovery from aqueous waste streams is becoming an 
increasingly important issue because of growing economic and environmental 
concerns. Heavy metals like Hg, Cd, Pb are threatening for the environment 
and human health as well. Recently, surface functionalized magnetic 
nanoparticles (Fe3O4) have become an efficient tool to separate heavy metals 
from the wastewater. Magnetic nanoparticles have great potential for the 
separation of heavy metals. Janus particles or partially coated particles can 
also play a role in this field. Synthesizing janus magnetic nanoparticles is 
challenging because of its small size and various techniques and methods have 
been adopted.  
 
Magnetic nanoparticles (Fe3O4) being very smaller size i.e., 10-15 nm makes 
difficult to coat partially. However, techniques have been adopted where 
magnetic nanoparticles are subjected to full coating at first to increase their 
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size and then coated partially with other chemicals. For this purpose, these 
particles need to attach with another surface which will not react. The exposed 
sides of the particles are then supposed to coat partially. Lattuada et al. (2007) 
prepared 20 nm magnetic nanoparticles by grafting polystyrene sodium 
sulfonate (PSSNa) or polydimethylamino ethylmethacrylate (PDMAEMA) to 
the exposed surfaces of poly(acrylic acid) which is negatively charged. Poly 
(acrylic acid) coated magnetite nanoparticles then adsorbed onto treated silica 
beads (~700 nm) then reacted with NH2-end functionalized polymer. The 
release of the partially coated PAA-magnetic nanoparticles was achieved by 
changing the pH.  
 
Traditionally, various types of micro-sized to nanosized particles have been 
extensively synthesized and utilized for creation of homogenously coated 
particles. Particles with such homogenous surface functionalities found many 
applications, for instance in the areas of wastewater treatment, ceramics and 
photonic materials (Tri et al. 2009; Shen et al. 2009). Magnetic nanoparticles, 
in particular, have received much attention in the development of new 
techniques for surface functionalization. This is due in part to its ability to be 
easily removed by external magnetic field and high-tech applications in fields 
of magnetic storage devices, bioengineering and bioseparation (Peng et al. 
2004; Shamim et al. 2006; Tri et al. 2009; Shen et al. 2009; Lattuda et al. 
2007). 
 
Of emerging interest in recent years is the development of asymmetrical 
microparticles and nanoparticles, where the surface chemistry functionality 
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differs for each of the two sides of the particles. These kinds of particles have 
been dubbed as janus particles. The attraction for the creation and usage of 
janus particles is high – large dipole moments can be generated on a single 
particle by surface functionalization of particles with opposite charges on 
either side for usage as electro-rheological fluid (Nakahama et al. 2000), self 
assembly characteristics may be conferred to the particles if there are both 
hydrophilic and hydrophobic sides on the particles.   
 
The synthesis of janus microparticles and nanoparticles is challenging because 
of its small size, and various techniques and methods have been adopted by 
many researchers. One such technique that was adopted is where magnetic 
nanoparticles are subjected to full coating at change the surface charge of the 
nanoparticles, after which the nanoparticles were attracted to a much larger 
particle with opposite surface charge. The exposed surface of the attached 
nanoparticles were then functionalized with another chemical and 
subsequently released from the larger particles by pH change (Lattuda et al. 
2007).  
 
Many techniques developed involving the adsorption of nanoparticles such as 
gold or silica onto other nanoparticles, for instance iron oxide, to form a 
heterodimer with a characteristic ‘snowman’ shape. The exposed surfaces of 
the heterodimer can then be surface functionalized by different chemicals, due 
to the difference in surface functionalities of the two different nanoparticles. 
This will allow for the creation of heterodimer janus particles in the size range 
of between 15-20 nm (Gu et al. 2005; Glaser et al. 2006). 
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Another simple methodology for the preparation of janus silica microparticles 
was described by Hong et al. 2006. The Pickering Emulsion technique was 
used, as the silica microparticles were trapped at the wax-water emulsion to 
hold the silica particles at the interface. This technique has the added 
advantage of fixing the particles in place when the wax freezes, thus 
preventing particles’ rotation. The microparticles immobilized on the wax 
surface were surface modified by silanization, with the wax subsequently 
removed. Thereafter, janus microparticles were formed by functionalizing the 
unreacted surface with another chemical. However, janus particles formed by 
this technique is in the micro size range, while in order to fully exploit the 
capabilities of self assembly, it is advantageous to downscale the size to nano 
or even sub nano level. 
2.9.1 Application of janus particles  
1. Janus particles can introduce asymmetric interactions that induce particles to 
self assemble (Hong et al. 2006). 
2. Janus spherical particles can be used as micro rheological probes (Hong et al. 
2006; Jiang et al. 2008).  
3. With magnetic fields being used to exert force on one side of the particles, 
Janus type spherical particles can be used to manipulate particles with 
controlled magnetic fields (Hong et al. 2006; Jiang et al. 2008).  
 
4. These particles can also be used as potential building blocks for new 3D self 
assembled structures (Hong et al. 2006; Jiang et al. 2008).  
5. These particles can better stabilize the water-oil emulsion systems (Hong et al. 
2006; Jiang et al. 2008).  
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6. Dual Coated janus particles can be used for drug delivery system (Hong et al. 
2006; Jiang et al. 2008).  
7. Janus particles can be in the development of ‘electronic paper’ that are 
actually flexible, paper thin video displays (Gangwal et al. 2008).  
8. Dipolar janus particles can be used to assemble in chain in the aqueous phase 
(Lattuda et al. 2007).  
9. Janus particles can also be used to produce more efficient solar power systems 
(Hong et al. 2006; Jiang et al. 2008).  
10. Janus particles can be used in mircoactuators, mircosensors and microfluidic 
devices (Hong et al. 2006; Jiang et al. 2008).  
11. Janus particles can also be used to remove metal ions from the wastewater 
(Shawon et al. 2012; Chapter 7) 
 
2.10 Adsorption and desorption  
 
Adsorption is one of the most important parts of separation. It has been widely 
used in chemical, biological, analytical, and environmental fields. In most 
cases, the adsorbents have diameters in the range of sub-micron to micron and 
have large internal porosities to ensure adequate surface area for adsorption. 
However, the diffusion limitations within the particles lead to decrease in the 
adsorption rate and the available capacity. To surmise adsorption more 
precisely we investigated the adsorption equilibrium and the parameters 
affecting adsorption. However, desorption is also important for the recovery of 
target molecules from the surface of the particles. Therefore, suitable 




2.10.1 Adsorption equilibrium  
2.10.1.1 Langmuir model  
The Langmuir model assumes that the adsorption process takes place on a 
surface composed of a fixed number of adsorption sites of equal energy, with 
one molecule adsorbed per adsorption site until monolayer coverage is 
obtained. The Langmuir model is described by the equation- 
The linear form of this equation can be represented as follows-  
1e e
e m m L
C C
q q q K
   
 
Where, Ce is the adsorbate liquid-phase equilibrium concentration, qe is the 
adsorbate surface concentration, qm is the maximum adsorbate binding 
capacity and KL is Langmuir constant, which represents the affinity between 
adsorbate and adsorbent. The values of qm and KL can be obtained from the 
slope and intercept of the linear plots of Ce/qe versus Ce. 
 
2.10.1.2 Freundlich model  
This isotherm is an empirical equation to describe multilayer adsorption with 
interaction between adsorbed molecules. This model predicts that the solute 
concentrations on the adsorbent will increase as long as there is an increase of 
the solute concentration in the solution. Usually it applies to adsorption onto 
heterogeneous surfaces with a uniform energy distribution and reversible 
adsorption. The Freundlich equation suggests that the adsorption energy 
decreases exponentially on the completion of the adsorption centers of an 















Where, KF and n are the Freundlich equilibrium constant and the Freundlich 
isotherm power term (also called the heterogeneity factor), respectively. The 
values of KF and 1/n can be determined from the slope and intercept of the 
linear plot of lnqe versus lnCe. 
 
2.11 Scope of the thesis 
 
The aspiration of this project is to synthesize surface functionalized 
ferromagnetic nanoparticles and their applications in particularly heavy metal 
separation ions from wastewater. Although MNPs have diverse applications in 
the field of separation technology via adsorption, only limited work has been 
published on the preparation of organic inorganic nano-composite materials 
using ionic liquid, CMCD-polymer coated nanoparticles, or janus 
nanoparticles and their use as a tool for heavy metal separation and 
environmental applications. Based on the literature review the scopes of the 
present research project are: 
 
1. Synthesis, characterization and application of ionically modified MNPs 
Ionically modified MNPs were synthesized by one step co-precipitation 
method of FeCl2, FeCl3 and Phosphonium silane (PPhSi) with NH4OH under 
inert atmosphere created by the industrial nitrogen gas. Characterization of the 
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chemical, physical and magnetic properties of the PPhSi-MNPs are carried out 
using FTIR, XPS, BET, TEM. Adsorption of arsenate and chromate ion, 
equilibrium study, pH studies, kinetic studies, effect of presence of 
competitive ions with arsenate and chromate, desorption study was also 
carried out.  
 
2. Selectively lead separation onto CDpoly-MNPs  
Carboxymethyl-β-cyclodextrin polymer was synthesized. Then CDpoly coated 
MNPs were synthesized by one step co-precipitation method of FeCl2, FeCl3 
and CDpoly with NH4OH under inert atmosphere created by flowing the 
industrial nitrogen gas. Characterization of the chemical, physical and 
magnetic properties of the CDpoly-MNPs are carried out using FTIR, XPS, 
BET, TEM. Batch adsorption experiments of lead, cadmium and nickel in 
single, binary and ternary mixtures, equilibrium study, pH studies, kinetic 
studies, ionic strength, reaction mechanism and desorption study were also 
carried out.  
 
3. Simultaneous adsorption of lead and acid blue 25 CMCD-MNPs  
Carboxymethyl-β-cyclodextrin (CMCD) was synthesized in precipitation 
method. Then CMCD coated MNPs were synthesized by one step co-
precipitation method of FeCl2, FeCl3 and CMCD with NH4OH under inert 
atmosphere created by flowing the industrial nitrogen gas. Characterization of 
the chemical, physical and magnetic properties of the CMCD-MNPs are 
carried out using FTIR, XPS, BET, TEM. Batch adsorption experiments of 
lead and acid blue 25 in single and binary mixtures, equilibrium study, pH 
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studies, kinetic studies study was also carried out. The main purpose of this 
study is to study the effect of adsorption of one component onto the surface of 
the nanoadsorbent in presence of other. Through this study we simultaneous 
adsorption of organic and inorganic pollutants has been carried out.  
 
4. Synthesis of janus MNPs and Hg
2+
 adsorption onto it  
Partial coated janus magnetic nanoparticles were synthesized in precipitation 
method. Then CMCD coated MNPs were synthesized by one step co-
precipitation method of FeCl2, FeCl3 and CMCD with NH4OH under inert 
atmosphere created by flowing the industrial nitrogen gas. Characterizations of 
the chemical and physical properties of the janus MNPs were carried out using 
FTIR, XPS, SEM, EDX, TEM. Batch adsorption experiments of mercury onto 
the janus magnetic nano particles were carried out to confirm the syntheis of 
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Chapter 3. Materials and methods 
 
3.1 Materials 
The chemicals used for the experiment are listed below in Table 3-1. The 
chemicals are used and they were received without further purification. 
 Table 3-1 List of chemicals 
Name Chemical Formula Grade Supplier 
3-aminopropyl triethoxy 
silane 









NH4OH GR Merck 
Cadmium Nitrate Cd(NO3)2 GR Merck 
Chloroacetic acid  ClCH2COOH GR Alfa Aesar 
Chloroform CHCl3 GR Merck 
Di-sodium hydrogen 
phosphate (99%)  
Na2HPO4  GR Merck 
Epichlorohydrin  C3H5ClO GR Merck 
Ethanol (99.5%)  C2H5OH  GR Merck 
Iron (II) Chloride 
Tetrahydrate (99%) 
FeCl2.4H2O GR Alfa Aesar 
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Iron (III) Chloride 
Hexahydrate (98%) 
FeCl3.6H2O GR Alfa Aesar 
Lead nitrate Pb(NO3)2 GR Merck 
Mercury nitrate  Hg(NO3)2 GR Merck 
Nickel Nitrate Ni(NO3)2 GR Merck 











Sodium hydrogen arsenate Na2HAsO4 · 7H2O GR Alfa Aesar 








3.2.1 Synthesis of bare magnetic nanoparticles (bare Fe3O4) 
Nanosized magnetic particles were synthesized by chemical co-precipitation 
method under alkaline condition and molar ratio between Fe
2+
 salt and Fe
3+
 
salt was maintained at 1:2. In order to synthesize 1 g of Fe3O4 particle, 0.86 g 
of FeCl2·4H2O and 2.35 g of FeCl3·6H2O were dissolved in 40 mL ultrapure 
water under N2 atmosphere with vigorous stirring at a speed of 1000 rpm. As 
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the solution was heated to 80°C, 5 mL of NH4OH solution was added and the 
reaction was continued for another 30 mins. The resulting suspension was 
cooled down to room temperature and washed with ultrapure water. The 
product of bare magnetic nanoparticles (bare MNPs) was isolated from the 
solvent by magnetic decantation. The washing-decantation procedure was 
repeated five times to eliminate any unreacted chemicals and dried by freeze-
dryer (Martin Christ freeze-dryer) for 24 hrs. The following chemical reaction 
occurred- 
FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH = Fe3O4 + 8NH4Cl + 20H2O 
3.2.2 Synthesis of phosphonium based silane (PPhSi)  
Phosphonium based silane is a newly invented ionic liquid, produced by the 
condensation reaction between triphenyl phosphine and 3-
iodopropyl(trimethoxy) silane. 1 mL of 3-iodopropyl (trimethoxy)silane and 
1.34 gm triphenylphosphine (1:1 molar ratio) was taken in a Schlenk tube. 5 
mL of toluene was added into the tube and the components were dissolved 
completely by magnetic stirrer. Meanwhile, the air was replaced by N2 gas 
flow to create inert atmosphere. The openings of the tube were sealed with 
rubber cap to prevent air insertion. Then the mixture was placed in a silica oil 
bath at 100 
o
C. Magnetic stirrer was set at 1000 rpm. Within few minutes the 
clear mixture became white turbid solution. The turbidity increased with the 
progress of the reaction. The reaction was carried out overnight. The product 
PPhSi which is insoluble in toluene was separated by centrifugation and 
washed 4-5 times with toluene. Finally this ionic liquid which is basically an 
organic salt was dried in a vacuum dryer for 6 h at room temperature to get the 
desired white colored PPhSi-powder.  
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3.2.3 Synthesis of phosphonium based silane coated magnetic 
nanoparticles (PPhSi-MNPs)  
Phosphonium based silane coated magnetic nanoparticles (PPhSi-MNPs) were 
synthesized by single step co-precipitation method. Typically, 0.86 g of 
iron(II) chloride tetrahydrate (FeCl2.4H2O), 2.36 g of iron(III) chloride 
hexahydrate (FeCl3.6H2O) and 0.15 g of PPhSi were dissolved in 40 mL of de-
aerated Milli-Q water with vigorous stirring at a speed of 1,200 rpm. 5 mL of 
25% ammonium hydroxide (NH4OH) was added after the solution temperature 
was reached to 90 ºC. The reaction was continued for 1 hour at 90 ºC under 
constant stirring and inert atmosphere created by flowing industrial grade N2 
gas. Product nanoparticles were then washed with Milli-Q water four to five 
times to remove the unreacted or excess reactants. Bare Fe3O4 MNPs were 
synthesized in the same procedure described above, except no PPhSi was 
added in the reaction mixture. 
3.2.4 Synthesis of carboxymethyl-β-cyclodextrin (CMCD) 
A derivative of β-cyclodextrin (β-CD), carboxymethyl-β-cyclodextrin was 
synthesized according to the method proposed by Prabaharan and Jayakumar 
with slight modification. In a typical procedure,  0 g β-CD and 18.6 g sodium 
hydroxide (NaOH) were dissolved in 74 mL de-ionized water. Separately, 
solution of monochloroacetic acid (16.3%) was prepared in 54 mL de-ionized 
water and then mixed with the previous solution. The reaction mixture was 
heated to 50 °C and the reaction was continued for 5 hrs under stirring with a 
magnetic bar. Subsequently, the reaction mixture was cooled down to room 
temperature and the solution was neutralized (pH 6~7) by adding dilute 
hydrochloric acid. Evaporation was done to obtain precipitate of the unwanted 
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salt (NaCl) and it was removed by vacuum filtration. Then the obtained 
solution without Cl− was poured to superfluous methanol solvent and it 
produced white precipitation. The solid precipitation was filtered and dried 
under vacuum to give carboxymethylated β-CD (CMCD, 1  g). IR (KBr): ν 
(cm−1): 3140–3680 (–OH), 2923 (–CH), 1704 (C=O), 960–1200 (C–C, C–O–
C). 
3.2.5 Synthesis of carboxymethyl-β-cyclodextrin polymer 
(CDpoly) 
β-cyclodextrin (5 g) was dissolved in 50 mL of 10% (w/v) NaOH and 10 mL 
of epichlorohydrin was added. The system was vigorously stirred for 8 h 
before another 5 mL of epichlorohydrin was added with stirring and the 
mixture kept overnight at room temperature. The solution was concentrated to 
about 15 mL and precipitated by addition of cold ethanol (500 mL). The 
gummy precipitate was crushed several times with ethanol in a mortar until a 
fine precipitate was obtained. The precipitate was then washed again with 
ethanol and acetone and dried under high vacuum overnight. The yield of β-
CD/epichlorohydrin co-polymer was 80%. Two grams of the above polymer 
was further dissolved in 50 mL 5% (w/v) NaOH and 2 g of monochloroacetic 
acid was added. The system was vigorously stirred for 24 h, neutralized with 2 
M HCl, concentrated to about 15 mL and cooled to 4 
o
C. The precipitated 
NaCl was filtered off and the supernatant was precipitated by addition of cold 
ethanol (500 mL). The gummy precipitate was crushed several times with 
ethanol in a mortar until a fine precipitate was obtained. The precipitate was 
then washed two more times with ethanol and acetone and dried under high 
vacuum overnight. The yield of CM-β-CD polymer was 60%. The molecular 
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weight of this polymer (Mp = 10500, Mw = 12700 and Mn = 12450) was 
determined by gel permeation chromatography on Fractogel EMD BioSEC (S) 
(1.6×100 cm) calibrated with dextran. The degree of carboxymethylation of 
CM-β-CD polymer determined by potentiometric titration was estimated as 
40% (D-glucose, mol/mol). 
3.2.6 Surface modification of magnetic nanoparticles with CM-β-
CD (CMCD-MNPs) 
CMCD-MNPs were prepared by one-step co-precipitation method. A mixture 
of 0.86 grams of FeCl2.4H2O, 2.36 grams of FeCl3.6H2O was dissolved in 40 
mL of de-aerated Milli-Q water. The mixture was heated to 90 
o
C under 
nitrogen bubbling with continuous stirring at 1200 rpm. When the temperature 
was approaching to 90 
o
C, 1.5 grams of CMCD and 5 mL of ammonia solution 
of 25% were added to the mixture. In this method, the carboxyl groups of 
CMCD directly react with the surface OH groups on the magnetite to form Fe-
carboxylate. The reaction was continued to an hour an hour at 90 
o
C under 
vigorous stirring and inert environment. Figure 3-1 depicts the synthesis of 
CMCD-MNPs. After that, the wet CMCD-MNPs were isolated from the 
solution by magnetic decantation. The precipitation was washed several times 
with Milli-Q water to remove any unreacted chemical, until the water was 
clean and had neutral pH. The following reaction also took place during the 
synthesis of CMCD MNPs. 
FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH = Fe3O4(s)  + 8NH4Cl + 20H2O    
 




Figure 3-2 An illustration of coating CMCD on the surface of iron oxide 
nanoparticles 
 
3.2.7 Surface modification of magnetic nanoparticles with CM-β-
CD polymer (CDpoly-MNPs) 
CDpoly-MNPs were fabricated by one step co-precipitation method. Briefly, 
0.86 g of FeCl2.4H2O, 2.36 g FeCl3.6H2O and 1.5 g CM-β-CD polymer were 
dissolved in 40 mL of de-aerated Milli-Q water with vigorous stirring at a 
speed of 1,200 rpm. 5 mL of NH4OH (25%) was added after the solution was 
heated to 90 ºC. The reaction was continued for 1 h at 90 ºC under constant 
stirring and nitrogen environment. The resulting nanoparticles were then 
washed with Milli-Q water 5 to 6 times to remove any unreacted chemicals 
and dried in a vacuum oven. 
 




3.2.8 Synthesis of janus magnetic nanoparticles (JMNPs) 
The janus APTES coated magnetic nanoparticles were produced using the 
Pickering Emulsion technique. These emulsions are thermodynamically stable. 
It was found that the freeze-dried nanoparticles did not serve to stabilize the 
emulsion, with the two distinct wax and water phase forming upon cooling. 
This can be attributed to the lost of surface functional group on the 
nanoparticles, resulting in a lowering of wet-ability of the particles with the 
wax balls. Therefore, wet bare magnetic nanoparticles were used to stabilize 
the wax-water emulsion by forming a monolayer on the dispersed wax phase, 
as it lowers the overall surface energy of the system. 
 
Firstly, 0.2 g of wet bare magnetic nanoparticles were dispersed 
homogeneously in 40 mL of ultrapure water by means of a sonicator 
(ultrasonic bath) for 30 min. Secondly, the mixture was then heated to 80 
o
C 
using a hot water bath, after which 5 g of paraffin wax was added to the 
mixture and allowed to melt. A bench stirrer was utilized to provide 
mechanical stirring at 1950 rpm for 45 min to disperse the wax phase in the 
continuous water phase. The resulting nanoparticles-stabilized emulsion was 
then allowed to cool to room temperature, enabling the freezing of the wax 
balls and the immobilization of the magnetic nanoparticles on its surface. The 
wax balls were filtered and washed repeatedly with ultrapure water to wash off 
nanoparticles that were either unattached or weakly attached, and were air-




The wax balls were then placed in 100 mL of 2.1 mM APTES in methanol 
solution, and silanization of the exposed surface of the exposed surface of the 
nanoparticles were carried out for 1 hr. Pure methanol was used to wash the 
wax balls after filtration in order to remove excess APTES, and subsequently 
the wax balls were air-dried for 2 hrs. The janus magnetic nanoparticles were 
released by the dissolution of the wax balls in excess chloroform, and 
magnetic decantation was done to obtain the janus particles from the wax-
chloroform solution. 
 
Figure 3-4 Reaction steps to prepare bare magnetite particles and its coating 




3.3 Batch experiments  
3.3.1 Adsorption and desorption of As(V) and Cr(VI) ions onto 
PPhSi-MNPs 
As(V) and Cr(VI) adsorption experiments were carried out using batch 
equilibrium technique in aqueous solutions at optimum pH 3 and at 25 
o
C. In 
general, an average of 120 mg of wet magnetic nanoadsorbents (20% dry 
particle content) were added to 10 mL of As(V) and Cr(VI) solution of various 
concentrations (i.e., 10 mg/L to 200 mg/L) and shaken in a thermostatic water-
bath shaker operated at 230 rpm. After equilibrium was reached, magnetic 
nanoadsorbents were removed by magnetic decantation, using a permanent 
Nd-Fe-B magnet and the supernatant was collected.  The concentrations of 
As(V) and Cr(VI) ions were measured using ‘Inductively Couple Plasma Mass 
Spectrometry’ (Agilent ICP-MS 7700 series). The influence of pH (from 3 to 
9), and competitive anions (nitrate, chloride, sulphate, and phosphate) on the 
As(V) and Cr(VI) adsorption at pH 3 were also investigated with the initial 
concentration of each metal at 100 mg/L. The solution pH was adjusted by 
NaOH or HCl. For the kinetic experiments, the same initial concentrations of 
As(V) and Cr(VI) were used and the pH used was 3. At various time intervals, 
samples were collected after magnetic decantation and the concentrations of 
studied pollutants were determined as mentioned previously The amount of 
metal ions adsorbed onto PPhSi-MNPs was calculated by a mass balance 
relationship, 




                                                                   (1) 
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Where, V (mL) is the volume, Ci and Ce (mg/L) are the initial and equilibrium 
solution concentration of metal ions respectively, and w (mg) is the dry mass 
of the solid. 
 
Desorption studies were conducted using different desorption eluents such as 
0.1 M NaOH, Na2HPO4, NaHCO3 and Na2CO3. Adsorption was first 
conducted using 120 mg of wet PPhSi-MNPs in 10 mL of 200 mg/L As(V) 
and Cr(VI)
 
solution at pH 3 and shaken for 2 h.  Desorption was examined 
afterwards by adding 10 mL of either desorption eluent to the metal-sorbed 
PPhSi-MNPs. After shaking at 230 rpm for 4 h, PPhSi-MNPs were collected 
by magnetic decantation and the concentration of each pollutant in the 
supernatant was measured by ICP-MS. 








 ions adsorption experiments were carried out using batch 
equilibrium technique in aqueous solutions at different pH range and at 25-55 
o
C. In general, an average of 120 mg of wet magnetic nanoadsorbents (20% 






 solution of 
various concentrations (from 50 mg/L to 400 mg/L) and shaken in a 
thermostatic water-bath shaker operated at 230 rpm. After equilibrium 
reached, magnetic nanoadsorbents were removed using a permanent Nd-Fe-B 







 ions were measured using Agilent ICP-
MS 7700 series. The solution pH was adjusted by NaOH or HCl. For the 






 ions concentrations used 
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was 300 mg/L and the pH used was 5.5. At various time intervals, samples 
were collected after magnetic decantation and the concentrations of studied 
pollutants were determined. In the binary and ternary adsorption experiments, 
either 2 or 3 species of the studied metal ions were added in equal molar 
concentration (each 2 mmol/L) in a 10 mL solution contained in the vial. The 
vials were shaken for 2 h to ensure equilibrium before the magnetic 
nanoparticles were removed and the concentrations of remaining metal ions 
were measured as mentioned previously The amount of metal ions adsorbed 
onto CDpoly-MNPs was calculated by a mass balance relationship, 




   
Where, V (L) is the volume, Ci and Ce (mg/L) are the initial and final solution 
concentration of metal ions respectively, and w (g) is the dry mass of the solid. 
Desorption study was conducted using different desorption eluents such as 
0.01 M nitric acid, 0. 1 M Na2EDTA and 0.02 M phosphoric acid. Adsorption 







solution at pH 5.5 and shaken for 2 h. Desorption was then examined 
by adding 10 mL of either desorption eluent to the metal-sorbed CDpoly-
MNPs. After shaking at 230 rpm for 3 h, the solid phase CDpoly-MNPs were 
collected by magnetic decantation and the concentration of each pollutant in 
the supernatant was measured. The reusability was checked by following the 






3.3.3 Adsorption of acid blue 25 and Pb2+ onto CMCD-MNPs 
Batch mode adsorption studies for AB 25 and Pb
2+
 mixtures in different 
compositions were carried out to investigate the effects of different parameters 
such as pH and temperature. The adsorptions of the dye and metal ion onto the 
surface of CMCD magnetic nanoparticles adsorbent were observed in 
predetermined initial concentrations, pHs and temperatures.  After that, 110 to 
120 mg of wet magnetic nano-sized adsorbents were added to 10 mL of dye 
solutions and the mixtures were agitated in a shaker (Thermolyne Oscillator) 
at 220 rpm at predetermined time intervals, at least 6 hours to reach 
equilibrium. After equilibrium was attained, the adsorbate was separated from 
the nanosized adsorbent particles using a strong permanent magnet made of 
Nd-Fe-B. The supernatant was taken. The separation process for each solution 
was carried out in the same period. The amount of the dye adsorbed by the 
adsorbent was measured from the concentration change of Pb
2+
 in supernatant 
using UV/vis spectrophotometer (model Shimadzu UV-1601). The 
equilibrium solid phase concentration was calculated based on equation (1) by 
a mass balance relationship. 
   
m
V
ei CCq        (1) 
Where, Ci and Ce (mg/L) are the initial and equilibrium concentrations of dye 
solution in contact with the adsorbent respectively; m (g) is the mass of the 










 ions adsorption experiments were carried out using batch equilibrium 
technique in aqueous solutions at different pH range and at 25 
o
C. In general, 
an average of 120 mg of wet magnetic nanoadsorbents (20% dry particle 
content) was added to 10 mL of Hg
2+ 
solution of various concentrations (from 
10 mg/L to 200 mg/L) and shaken in a thermostatic water-bath shaker 
operated at 230 rpm. After equilibrium reached, magnetic nanoadsorbents 
were removed using a permanent Nd-Fe-B magnet and the supernatant was 
collected after reaching equilibrium. The concentrations of Hg
2+
 ions were 
measured using ICP-MS. The solution pH was adjusted by NaOH or HCl. For 
the kinetic experiments, the initial Hg
2+
 ions concentrations used was 200 
mg/L and the pH used was 5.5. At various time intervals, samples were 
collected after magnetic decantation and the concentrations of studied 
pollutants were determined. The vials were shaken for 2 h to ensure 
equilibrium before the magnetic nanoparticles were removed and the 
concentrations of remaining metal ions were measured as mentioned 
previously The amount of metal ions adsorbed onto bare, janus and fully 
coated magnetic nanoparticles was calculated by a mass balance relationship, 




   
Where, V (L) is the volume, Ci and Ce (mg/L) are the initial and final solution 
concentration of metal ions respectively, and w (g) is the dry mass of the solid.  
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3.4 Analytical methods  
The analytical methods used in this experiment are described in the following 
sections.  
3.4.1 Fourier-transform infrared spectroscopy (FTIR)  
Fourier Transform Infrared Spectroscopy is a technique that provides 
information about the chemical bonding or molecular structure of materials, 
whether organic or inorganic. Structural information of a molecule can be 
determined using infrared spectroscopy. The vibrational movements e.g., 
bending, stretching of the various types of bonds (O-H, C=O etc.) correspond 
to the absorption of certain wavelengths in the infrared region of 
electromagnetic radiation. Infrared spectroscopy is used more for qualitative 
than quantitative purposes. The region of the infrared spectrum obtained is 
usually from 400 to 4000 cm
-1
. The region of the spectrum below 1500 cm
-1
 is 
the fingerprint region, in which the bands for each compound are unique. 
Hence, it is considered that two molecules are identical if they share the same 
‘ ingerprint’ in this region. The region above 1500 cm-1 is called the 
functional group region, where the vibrational modes of the functional groups 
are observed. The Shimadzu Infra-Red spectrometer (Model no. 400) was used 
to characterize all the synthesized particles at room temperature. A small 
portion of samples were pulverized with approximately 225~230 mg of 
potassium bromide powder into a smooth, fine powder. This powder was 
subjected to high pressure and compressed into a thin pellet. The pellet was 
placed into the spectrometer a scanned over a broad wavelength ranging from 






3.4.2 Transmission electron microscopy (TEM)  
Transmission electron microscopy (TEM) is a technique which involves 
shining a beam from a light source, through an electromagnetic lens which 
focuses the electrons into a very thin beam, and then finally through an ultra-
thin specimen, interacting with the specimen as it passes through. This result 
in the formation of an image due to the interaction of the electrons transmitted 
through the specimen. The image is magnified and focused onto an imaging 
device, such a layer of photographic film, or can be detected by a sensor such 
as a CCD camera. Characterization of size and morphology of the samples 
were carried out using transmission electron microscopy. Dilute sample of 
magnetic nanoparticles were suspended in ethanol and ultrasonicated. 
Suspension containing the dispersed magnetic particles was thinly coated on 
copper grids. The copper grids were left to dry for 24 hrs at room temperature 
and finally the samples were analyzed using Field Emission TEM (JEOL 
2011F) machine at an acceleration voltage of 200 kV.  
3.4.3 X-ray diffraction (XRD) analysis  
X-Ray diffraction of samples was measured using Shimadzu XRD 6000 
spectrometer (using Cu Kα λ 1.5418 Å radiations). This is a method to 
determine arrangement of atoms within a crystal in which a beam of X-ray 
strikes a crystal and diffracts it in many specific directions. From angles and 
intensities of those diffracted beams, the mean position of atoms in the crystal 
can be determined which is a characteristic property of the specific compound. 
Some valuable information like chemical bond, disorder of the structure can 
also be determined through this analysis. Even, a crystallographer can produce 
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a three dimensional structure of density of electrons within the crystal 
structure.  
3.4.4 Vibrating sample magnetometer (VSM)  
The vibrating sample magnetometer has become a widely used instrument for 
determining magnetic properties of a large variety of materials: diamagnetics, 
paramagnetics, ferromagnetics, ferromagnetics and antiferromagnetics as a 
function of magnetic field and temperature. Wet magnetic particles were 
freeze-dried (Martin Christ freeze-dryer) for 24 hrs and then used for VSM 
measurement (Lakeshore, model no.665). A plastic cylinder cell containing 
the sample was attached on a rod in the applied magnetic field from -15,000 to 
15,000 Oe, in which the rod was vibrating in a certain rate. The magnetization 
curve of the magnetic particles at room temperature was then plotted with the 
changes of magnetic field strength and its direction.  
3.4.5 Zeta potential analysis  
The magnitude of the zeta potential gives an indication of the potential 
stability of the colloidal system. If the particles have low zeta potential, there 
is no force to avert the particles coming together and flocculating, whereas if 
all particles in the suspension have large negative or positive zeta potential, 
they will tend to repeal each other and there is no tendency to flocculate. The 
zeta potentials of functionalized magnetic nanoparticles at different pH were 
measured using Malvern ZEN2600 Zetasizer Nano ZS analyzer. Samples were 
prepared by diluting 5 mg dry magnetic particles in 100 mL of 10
-3
 M NaCl 




3.4.6 Thermogravimetric analysis (TGA)  
TGA is a thermal analysis technique used to measure changes in the weight of 
a sample as a function of temperature/time. The thermogravimetric analysis 
was performed on a thermal analysis system (Model: TA 2050). For TGA 
measurements, 12~15 mg of the dried sample was loaded into the system; 
weight loss of dried sample was monitored under N2 from room temperature to 
800 °C at a rate of 10 °C/min.  
3.4.7 X-ray photoelectron spectroscopy (XPS)  
The working principle of X-ray photoelectron spectrophotometer is based on 
having a primary X-ray beam of precisely known energy impinged on sample 
atoms, inner shell electrons are then ejected and the energy of the ejected 
electrons is measured. The difference in the energy of the impinging X-ray 
and the ejected electrons gives the binding energy of the electron to the atom 
which is used to identify the element involved. XPS measurements were made 
on an Axis Ultra D D (Kratos) spectrometer with Al mono Kα X-ray source 
(1486.71 eV photons) at a constant retard ratio of 40. The sample was 
mounted on the standard sample studs by means of double sided adhesive 
tape. The core-level signals were obtained at a photoelectron take-off angle 
90° (with respect to the sample surface). The X-ray source was run at a 
reduced power of 75W. The pressure in the analysis chamber was maintained 
at 5×10
-8
 Torr or lower during each measurement. All binding energies (BEs) 






3.4.8 Inductively coupled plasma mass spectrometry (ICP-MS) 
Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass 
spectrometry which is capable of detecting metals and several non-metals at 
concentrations as low as one part in 10
12
 (part per trillion). This is achieved by 
ionizing the sample with inductively coupled plasma and then using a mass 
spectrometer to separate and quantify those ions. 
Compared to atomic absorption techniques, ICP-MS has greater speed, 
precision, and sensitivity. However, analysis by ICP-MS is also more 
susceptible to trace contaminants from glassware and reagents. In addition, the 
presence of some ions can interfere with the detection of other ions. 
To determine the metal ion concentration in the aqueous sample, ICP-MS is 
the most polular instrumental method that has been adopted. The experiments 
that have been carried out to detect the metal ions in the following chapters, an 
ICP-MS Algilent 5700 series instrument has been utilized.  
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Chapter 4. Ionically modified magnetic nanoparticles 
for arsenic and chromium removal 
 
4.1 Introduction 
The presence of toxic heavy metals in water poses serious health and 
environmental hazard. Hence, significant research activities are aimed for 
analysis, minimization, containment and mitigation of such pollution. Arsenic 
stands as one of the most toxic and carcinogenic chemical element, which is a 
common naturally occurring material found in the surface and ground water as 
a result of weathering of rocks, industrial waste discharges, agricultural use of 
arsenical herbicides, pesticides, crop desiccants, etc. (Sharma and Sohn 2009; 
Smedley and Kinnuburg 2002; Mohan and Pittman 2007). It is generally 
mobilized through natural processes and results in severe environmental 
hazards and chronic poisoning (Kanel et al. 2005; Kapaj et al. 2006). Like 
arsenic, chromium is another highly toxic heavy metal and a common element 
of earth’s crust (Rakhunde et al. 2012). Chromium acts as carcinogens, 
mutagens, and teratogens in biological systems (Hu et al. 2005). It enters the 
aquatic systems through discharge of concentrated effluents mainly from 
leather tanning, smelting, electroplating, paint, textile and paper industries. 
Both of these toxic metals gradually accumulate in the living organisms and 
thereby cause disorders and life threatening diseases (Klaus et al. 1998; Hu et 
al. 2005). World Health Organization (WHO) has set a maximum limit of 10 
µg/L arsenic in the drinking water, whereas US Environmental Protection 
Agency (EPA) has set the maximum contamination level for chromium at 0.1 
mg/L (Hu et al. 2005; Smedley and Kinnuburg 2002; Malkoc et al. 2006). Due 
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to their toxic, carcinogenicity and harmful nature, and also legislative 
bindings, the removal of arsenic and chromium pollutants from various water 
sources is very crucial and critical.  
  
Several treatment technologies have been developed for the removal of arsenic 
and chromium from water: chemical precipitation, ion exchange, membrane 
separation, filtration/ultrafiltration, electrocoagulation, extraction, sedimentati-
on, reduction, reverse osmosis, dialysis/electrodialysis, adsorption etc. (Mohan 
and Pittman 2006; 2007). Among these techniques adsorption is most popular 
because of its simplicity, easy handling and sludge-free operation, 
regeneration capacity and cost effectiveness (Ali and Gupta 2007; Badruddoza 
et al. 2011and 2013). For removal of arsenic and chromium from water several 
adsorbents such as, oxides and hydroxides of metals, activated carbon, 
polymeric resins, clay minerals, zeolites have been reported (Klaus et al. 1998; 
Doušov  et al. 2006; Manna and Ghosh, 2007; Mohan and Pittman, 2007; 
Chutia et al. 2009; Li et al. 2009; Barquist and Larsen, 2010; Duranoğlu et al. 
2012; Lenoble et al. 2002; Zhang et al. 2012).  Recently, the exploitation of 
nanomaterials for removal of metallic pollutants from water or wastewater has 
emerged as an intriguing research direction. Because, compared to the bulk 
counterparts, nanomaterials-based adsorbents have a much larger surface area 
to accommodate far greater number of active sites for interaction/adsorption. 
Different types of nanomaterials such as, carbon nanotube, iron oxide, 
aluminium oxide, and titanium oxide were employed in many studies as 
nanoadsorbents and showed excellent adsorption capacities for various heavy 
metals including arsenic and chromium (Chowdhury and Yanful 2010; Hu et 
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al. 2007; Hu et al. 2005; Di et al. 2006; Pena et al. 2005; Kanel et al. 2006; 
Sharma et al. 2009; Cao et al. 2012). Recently, iron oxide nanoparticles 
attracted great interest in the field of environmental remediation because these 
superparamagnetic materials can be easily dispersed in, and quickly retrieved 
from water simply by switching off and on an external magnetic field. Hence, 
retrieval in most cases nearly 100% and reuse is facile.  To avoid the oxidation 
of magnetic nanoparticles and also to increase the stability and adsorption 
capacities of nanoparticles, different coating materials or ligands have been 
employed to modify the surface. Over the past few years several magnetic 
nanoadsorbents are developed e.g., magnetite (Fe3O4), diatomite 
supported/unsupported magnetite nanoparticles, flower like Fe2O3 
nanoparticles, magnetite-reduced graphene oxides composites, CTAB 
modified magnetic nanoparticles, polypyrrole/Fe3O4 magnetic nanocomposite, 
surface modified jecobosite nanoparticles and calix[4]arene-grafted magnetite 
nanoparticles (Hu et al. 2006; Chowdhury and Yanful, 2010; Yuan et al. 2010; 
Cao et al. 2012; Jin et al. 2012; Chandra et al. 2010; Bhaumik et al. 2011; 
Sayin et al. 2010). In this work, we utilize an ionic liquid analogue 
(phosphonium based silane, PPhSi) as an ion-exchange coating material to 
modify the Fe3O4 nanoparticles to accomplish high adsorption capacity for 
anionic pollutants and for easy magnetic separation.  
 
Ionic liquids (ILs) are of particular interest in recent years, since these unique 
materials have shown potentials as extracting agents for elimination of heavy 
metals from wastewater (Wei et al. 2003; de los Rios et al. 2010; Reyna-
Gonzalez et al. 2010). ILs are generally defined as organic salts that are liquid 
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below 100 °C and consist entirely of ions. ILs can absorb contaminants by 
electrostatic interaction, and preferential solubilisation of polar molecules and 
ions. ILs show extraordinary properties such as an extremely low vapour 
pressure, high thermal stability and their physico-chemical properties can be 
tuned by modifying their chemical structure. ILs have been also widely used 
as solvents in organic and inorganic syntheses, catalysis, and chromatography 
(Mahmoud and Al-Bishri 2011; Pourjavadi et al. 2012; Qiu et al. 2006). 
Several types of ionic liquids based on imidazolium-, pyridinium-, 
pyrrolidinium- or phosphonium cations have been investigated for the 
extraction and separation of inorganic substances from aqueous media 
(Fischer et al. 2011; Vidal et al. 2005; Domańska and Rȩkawek 2009). 
Although bulk ionic liquid has been recognised as an efficient fluidic sorbent 
for removal of heavy metals from water and wastewater solutions, grafting 
ionic liquid molecules on the nanoparticles as a coating layer for metal ion 
removal has been rarely exploited. Compared to the use of bulk ionic liquid, 
covalent grafting of IL ligands onto nanoadsorbents would be operationally 
simpler, because (i) most ionic liquids are highly viscous materials: biphasic 
mixing and separation is energy-intensive due to mass transfer, (ii) ionic liquid 
recovery can be an issue as many IL have finite solubility in water, and most 
importantly (iii) typically, ILs are expensive materials. In our case IL 
molecules are chemically grafted on the inexpensive iron oxide nanoparticles, 
which would increase the surface area and the active surface sites for metal 
ion adsorption, and facile magnetic separation would allow fast and complete 




We ionically modified the iron oxide nanoparticles with an ionic liquid ligand 
which is designed to possess a trimethoxysilane pendant group for attaching 
onto the iron oxide surface and a phosphonium iodide head group for 
chemically interacting with the metal ions. These easily separable and 
recyclable nanoadsorbents were characterized by FTIR, TEM, XPS and zeta 
potential. Influence of external parameter such as, pH, competitive anions, 
contact time on the extent of adsorption of As(V) and Cr(VI) were 
investigated. Adsorption equilibrium and kinetic properties of this adsorption 
process were also studied. The As(V) and Cr(VI)-sorbed PPhSi-MNPs were 
analysed with XPS and EDX for elucidating the adsorption  mechanism.  
 
4.2 Results and discussion 
4.2.1 Synthesis and characterization of magnetic nanoparticles  
The synthesis of PPhSi-MNPs is performed by using a simple one-step co-
precipitation method. In this method, Fe3O4 nanoparticles were formed in the 
presence of phosphonium silane in the reaction mixture: iron oxide 
nanoparticles has free hydroxyl, OH groups on its surface, hence, 
condensation between OH with hydrolyzed trimethoxy silane group (Si-OH) 
in the alkaline environment results in the grafting of phosphonium group onto 





Figure 4- 1 Synthesis steps of PPhSi and PPhSi-MNPs 
 




















Figure 4- 2 XRD pattern of PPhSi-MNPs 
 
The crystalline structure of the adsorbent was characterized by XRD as shown 
in Figure 4-2. The diffraction peaks at 30.2
o
 (2 2 0), 35.5
o
 (3 1 1), 43.15
o
 (4 0 
0), 53.4
o
 (4 2 2), 57
o
 (5 1 1) and 62.9
o
 (4 4 0) are ascribed to Fe3O4 (Bhaumik 
et al. 2011). The average crystal size of PPhSi-MNPs calculated to be 10.2 nm 
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from the XRD pattern by using Debye–Scherrer’s equation was consistent 
with that observed from the TEM images. 
 
 
Figure 4- 3 Magnetization curve for (a) bare Fe3O4 MNPs and (b) PPhSi-
MNPs. (The magnetic properties of these nanoparticles were measured by 
vibrating sample magnetometer (VSM) at room temperature). Inset: 
Separation of magnetic nanoparticles from liquid phase 
 
The saturation magnetization curves of bare Fe3O4 MNPs and PPhSi-MNPs 
were obtained and presented in Figure 4-3. The magnetic hysteresis loop of 
the samples indicates no remanence and no coercivity and reveals their 
superparamagnetic nature, which is beneficial for their dispersion/coagulation 
upon removal/exposure of the colloidal mixture to an external magnetic field. 
The saturation magnetization of PPhSi-MNPs was found to be as high (68.2 
emu/g) as that of bare Fe3O4 (74 emu/g) ensuring quick response of these 
ionically modified nanoadsorbents to external magnetic fields. 
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Figure 4-4 (a) FTIR spectrum of phosphonium silane coated magnetic 
nanoparticles (PPhSi-MNPs). (b) TEM image of PPhSi-MNPs 
 
Covalent grafting of the phosphonium silane on the iron oxide surface is 
evident from the corresponding FTIR traces. FTIR spectrum of the PPhSi-
MNPs in the range of 400-4000 cm
-1
 is presented in Figure 4-4(a). As shown 
in Figure 4-4(a) the peak at 586 cm
-1
 is attributed to the Fe-O bond vibration. 
The prominent absorption bands were ascribed to OH (3400 cm−1), Si–O–Si 
(νs 1100 cm
−1, νas 807 cm
−1
), Si–O  (νs 950 cm
−1) (where νs and νas refer to 
the symmetric and asymmetric stretching, respectively). The bands between 
650-750 cm
-1
 and 1508-1631 cm
-1




aromatic C=C stretching respectively, while absorption band at 3014 cm
−1
 is 
assigned for vibration of aromatic C–H stretching.  
 
TEM image of PPhSi-MNPs is shown in Figure 4-3(b). It shows that Fe3O4 
nanocomposites modified with phosphonium based silane are spherical 
particles with size range from 8 to 15 nm.  
 
The zeta potentials of bare MNPs and PPhSi-MNPs were measured in a wide 
range of pH from 2 to 11 and the corresponding results are presented in Figure 
4-5. The zeta potentials of both bare and coated nanoparticles progressively 
changed from positive to negative when the pH was increased from 3 to 11. 
The concentration of the suspending medium was 0.5 mg particle/10 mL 
approximately.  Figure 4-5 showed that the pHpzc of bare Fe3O4 MNPs was 
around 6.1, which is very close to literature value (pHpzc 6.0) (Liu et al. 2008). 
After the coating with PPhSi, the zeta potentials move to significantly higher 
positive values compared to the bare Fe3O4 MNPs over a range of pH (2-7), 



































4.3 Adsorption of As(V) and Cr(VI) ions 
4.3.1 Effects of pH 
One of the factors that significantly influence the adsorption process is the pH 
of the solution. In the present work, the effect of pH has been examined by 
varying the pH of the solution in the range 3 to 9 using an initial concentration 
of 100 mg/L of both As(V) and Cr(VI) (Figure 4-6). As seen from the figure, 
the adsorption of both ions is optimal at lower pH range i.e., pH 3-4, while  the 
adsorption of As(V) and Cr(VI) decreases on further increase in the pH of the 
solution. The maximum removal percentage of As(V) and Cr(VI) ions for this 
adsorbent is 97% and 67.8% respectively, at pH ~3.  
 
However, at higher pH (pH~9) this percentage was reduced drastically for As 
(7.9%) and significantly for Cr (41.3 %). The effect of pH on adsorption of 
both metals by this adsorbent can be rationalized as below. It has been 
Chapter 4 
 93 
reported that in the pH range 3-6, As(V) ions exist mainly in the form of 
H2AsO4
− 
while a divalent anion HAsO4
2−
 dominates at higher pH values (8-
10.5) and in the intermediate pH region 6-8, both species co-exist (Chowdhury 





 in the pH range 3-6, while CrO4
2−
 is the dominant species at 
higher pH range (Dakiky et al. 2002). As the pHzpc of PPhSi-MNPs is 6.2 
(Figure 4-6); these nanoadsorbents are positively charged below pH 6.2, they 




 ions in the pH range 3-6 
through electrostatic attractions and ion-exchange mechanism as shown in 
Figure 4-10. However, as the solution pH increases beyond 6.2 positive 
surface charges of PPhSi-MNPs diminish and become progressively negative, 
so the repulsive force between the divalent metal anions and the absorbent 
surface become dominant resulting in reduced adsorption of metal anions. In 
addition, excess -OH ions present in the solution at high pH, may compete 























Figure 4- 6 Effect of solution pH on the adsorption of As(V) and Cr(VI) onto 
PPhSi-MNPs at 25 
o
C 
4.3.2 Effects of contact time and adsorption kinetics 
Figure 4-7(a) shows the effects of contact time on adsorption of As(V) and 
Cr(VI) onto PPhSi-MNPs at an initial concentration of 100 mg/L and at pH 3, 
25 ºC. It is found that the adsorption rate was fast at the initial stage and 
reaches equilibrium within 50 min for As(V) and 70 min for Cr(VI), 
respectively. The pseudo-first-order and pseudo-second-order kinetic models 
were adopted to test the experimental data which helps shed light on the 
possible adsorption mechanism. The pseudo-first-order kinetic model is 
expressed by the following equation (Ho and McKay 1998): 
 
1ln( ) lne t eq q q k t                                                  (3) 
Where, qe and qt refer to the adsorption capacity of metal ions
 
(mg/g) at 





). The slope of the linear plot of log (qe-qt) 
versus t is used to determine k1 (figure not shown).  
The pseudo-second-order kinetic rate equation is expressed as follows (Ho and 







q k q q
                                                            (4) 
Where, k2 is the rate constant of pseudo-second-order adsorption (g/mg.min). 
The slope and intercept of the plot of t/qt versus t are used to calculate k2 and 
qe,cal, respectively (Figure 4-7b). The comparison of pseudo-first-order and 
pseudo-second-order kinetic parameters estimated is listed in Table 4-1. The 
correlation coefficient, R
2
 values (>0.99) show that, the adsorption system 
belongs to the pseudo-second-order kinetic regime. The calculated qe values 
for both As(V) and Cr(VI) adsorption using pseudo-second-order rate equation 
also were in good agreement with the experimental values. Therefore the 
adsorption reaction belongs to the pseudo second-order kinetic model (Ai et al. 






































Figure 4- 7 (a) Effect of contact time on the adsorption of As(V) and Cr(VI) 
by PPhSi-MNPs (pH 3, temperature: 25 
o
C, concentration: 100 mg/L); (b) 

































As(V) 34.5 0.021 8.37 0.520 0.0043 35.59 0.999 
Cr(VI) 19.0 0.020 5.60 0.750 0.0082 18.90 0.999 
 
4.3.3 Equilibrium studies of As(V) and Cr(VI) 
The equilibrium isotherms for the adsorption of As(V) and Cr(VI) ions by bare 
MNPs and PPhSi MNPs at 25 
o
C are presented in Figure 4-8. It can be seen 
that the adsorption capacity increases with increase in equilibrium metal ion 
concentration for both metal ions in the solution. The equilibrium data are 
fitted by Langmuir and Freundlich adsorption isotherm models. Langmuir and 
Freundlich adsorption isotherms which can be expressed in equations 5 and 6, 
respectively  are widely used to describe the relationship between the amount 
of analyte adsorbed on the adsorbent and its equilibrium concentration in 
aqueous solution (Langmuir 1918; Freundlich 1906).  
1e e
e m m L
C C
q q q K
                                                                   (5) 
ln (1/ ) ln lne e Fq n C K                                                        (6) 
where qe is the amount of adsorbate adsorbed per mass of adsorbent at 
equilibrium (mg/g), Ce is the equilibrium concentration of adsorbate in 
aqueous solution (mg/L), qm is the monolayer adsorption capacity at 
equilibrium (mg/g), KL is the Langmuir equilibrium constant, KF is a 
Freundlich constant (index of adsorption capacity), n is Freundlich constant 










































Figure 4- 8 Adsorption isotherms for As(V) and Cr(VI) adsorbed onto bare 




The values of qm and KL are determined from the slope and intercept of the 
linear plots of Ce/qe versus Ce  and the values of KF and 1/n are determined 
from the slope and intercept of the linear plot of ln qe versus ln Ce (figures are 
not shown). The isotherm parameters and related correlation coefficients (R
2
) 
are shown in Table 4-2. The adsorption isotherm data of both metal anions on 





> 0.99) compared to Freundlich model. The Freundlich constant n is found to 
be greater than 1 which indicates the favorable condition for adsorption. Based 
on Langmuir isotherms, the maximum uptake (qm) for As(V) and Cr(VI) using 
bare MNPs were 25.1 and 14.9 mg/g. Whereas, the maximum adsorption 
capacities of PPhSi-MNPs toward As(V) and Cr(VI) were 50.5 and 35.2 mg/g,
 
respectively at 25 
o
C which are significantly greater than those using bare 
MNPs. These results indicate that PPhSi anchored on the surface of magnetic 
particles has greater As(V) and Cr(VI) bonding capacity relative to that of 
pure Fe3O4. The adsorption capacities of the PPhSi-MNPs for As(V) and 
Cr(VI) are comparable to or higher than those of several other types of 
adsorbents reported in literature as shown in Table 4-3.  
Table 4- 2 Adsorption isotherm parameters for As(V) and Cr(VI) onto bare 



















0.239 50.50 0.995 9.49 2.48 0.970 
Bare  
MNPs 
0.822 25.13 0.999 11.52 5.29 0.920 
Cr(VI) PPhSi 
MNPs 
0.100 35.21 0.988 5.66 2.49 0.992 
Bare  
MNPs 
0.046 14.93 0.995 5.19 2.61 0.959 
Chapter 4 
 100 
Table 4- 3 Comparison of maximum adsorption capacities of PPhSi-MNPs 








As(V)    
CTAB modified magnetic 
nanoparticles 
(Fe3O4@CTAB) 




(M−R O) composites 
7.0 5.83 (Chrandra et 
al. 2010) 
Activated carbon 2.2 39.84 (Pattanayak 
et al. 2000) 




3.0 3.50 (Kanel et al. 
2005) 
PPhSi-MNPs  3.0 50.50 This study 
Cr(VI)    
 lower like α-Fe2O3 3.0 30.0 (Cao et al. 
2012) 
Maghemite nanoparticles  2.5 17.43 ( Hu et al. 
2006) 
Iron oxide / zeolite Y 
nanocomposites coated 
with APTES  




2.5 25.83 (Hu et al. 
2007) 






4.3.4 Adsorption mechanism  
To investigate the adsorption mechanism for heavy metal ions, As(V)- and 
Cr(VI)-laden PPhSi-MNPs were prepared. As discussed before, As(V) and 






 ions in 
aqueous solution with pH ~3, and the surface of PPhSi-MNPs is positively 
charged. Therefore, the electrostatic attraction between positively charged 
PPhSi-MNP surface and negatively charged As(V) or Cr(VI) species 
presumably played the initial driving force to bind the anions onto the surface. 
The wide scan XPS spectra of PPhSi-MNPs after As(V) and Cr(VI) adsorption 
as shown in Figure 4-9(a) confirm the presence of As and Cr elements on the 
adsorbent. The high resolution XPS As 3d spectrum after As(V) adsorption 
showed a peak located at 45.2 eV (Figure 4-9b), which could be attributed to 
As(V)−P bonding (Cao et al. 2012). The XPS spectrum of the Cr 2p after the 
adsorption of Cr(VI) on the surface of PPhSi-MNPs is also shown in Figure 4-
9c; Cr 2p1/2 and Cr 2p3/2 line peaks are located at 586.9 and 577.2 eV, 
respectively (Ai et al. 2008). The broad peak of Cr 2p3/2 could be fitted to two 
peaks at binding energies of 578.1 and 576.3 eV, which are the characteristic 
signatures of Cr(VI) and Cr(III), respectively. This suggests that both Cr(VI) 
and Cr(III) coexist on the surface of Cr(VI)-adsorbed PPhSi-MNPs and Cr(VI) 
anions were reduced to Cr(III) ions to a certain extent during the sorption 
process. The reduction process may be due to the presence of electron rich 
divalent iron in Fe3O4 nanocomposites (Mao et al. 2012). Some other possible 
mechanisms involved in Cr(VI) reduction on a bioadsorbent surface was 
proposed by Park et al. (2005). However, the mechanism of such Cr(VI) 
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reduction on our as-developed nanoparticle surface was not investigated to any 
details in this study. 

























































Figure 4- 9 (a) Full-range XPS spectra of PPhSi-MNPs and after As(V) and 
Cr(VI) adsorption; (b) XPS As 3d spectrum of PPhSi-MNPs after As(V) 













Figure 4- 10 Proposed reaction mechanism of adsorption of As(V) and Cr(VI) 
ions onto PPhSi-MNPs 
  
4.3.5 Effect of coexisting ions 
There are various kinds of other anions in the groundwater, such as chloride, 









, 20 mg/L for each anion) on the 
overall adsorption of As(V) and Cr(VI) (100 mg/L of each metal) was studied. 
These anions may compete with As(V) or Cr(VI) anions for the positive 
phosphonium centres. From Figure 4-11 it is shown that removal efficiency of 









dramatically affected the adsorption of both metals which 
can be rationalized by preferential adsorption of phosphates by phosphonium 
sites (electrostatic and/or ion-exchange). Significant reduction of arsenic and 
chromium removal from aqueous solutions in the presence of phosphate has 
also been previously reported in literature for other types of adsorbents (Jin et 






































































Figure 4- 11 Effects of coexisting ions on the adsorption of As(V) and Cr(VI) 
onto PPhSi-MNPs. 
 
4.3.6 Desorption  
The regeneration ability of the spent adsorbent material is an important 
criterion when it comes to cost effectiveness. As it has been seen that the 
adsorption of both As(V) and Cr(VI) ions on PPhSi-MNPs is highly pH 
dependent; therefore we assumed that desorption of these ions may be possible 
by varying  the pH of the system. Desorption of adsorbed As(V) and Cr(VI) 
from the surface of PPhSi-MNPs was carried out using four different 
desorption eluents: 0.1 M NaOH, Na2HPO4, NaHCO3 and Na2CO3 solutions, 
and the results for desorption efficiencies are presented in Table 4-4. As seen 
from the table, the maximum efficiency for As(V) desorption, 89.4% was 
achieved using NaOH solution. However, the desorption efficiency of Cr(VI) 
using NaOH was low (51.6%), this is due to the reduction of adsorbed Cr(VI) 
to the Cr(III) species (as observed from XPS analyses) which could not be 
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desorbed upon treatment with NaOH solution. All other desorption eluents 
show reasonably higher efficiencies for Cr(VI) desorption. The reusability of 
PPhSi-MNPs was examined by conducting the adsorption–desorption process 
for four cycles for As(V) and Cr(VI)  ions and the adsorption capacities in 
each cycle is presented in Figure 4-12. It can be seen that the regenerated 
adsorbents can be successfully reused for up to 3 adsorption–desorption cycles 




































Figure 4- 12 Four consecutive adsorption–desorption cycles of PPhSi-MNPs 
for As(V) and Cr(VI) (initial concentration of each metal: 200 mg/L, pH 3.0, 


















NaOH 89.4% 51.6% 
Na2HPO4 38.5% 82.7% 
NaHCO3 39.9% 87.7% 
Na2CO3 64.0% 75.7% 
 
4.4 Conclusion 
In summary, phosphonium silane coated magnetic nanoparticles (PPhSi-
MNPs) were synthesized by a simple one-step co-precipitation process, and 
they demonstrated a fast and efficient removal of both As(V) and Cr(VI) 
species. The removal efficiency of both As(V) and Cr(VI) was highly pH 
dependent and the optimal adsorption occurred at pH 3.0. The adsorption 
equilibrium data for both anions were well fitted by the Langmuir isotherm 
model. The maximum adsorbed quantities for As(V) and Cr(VI) were found to 
be 50.5 mg/g and 35.2 mg/g respectively, which were higher than most of 
available arsenic and chromium adsorbents. The modification of Fe3O4 MNPs 
by phosphonium silane greatly enhanced the adsorption capacities of both 
metal anions. The kinetic data were closely fitted to the pseudo-second-order 
model. The competitive studies showed that the adsorption of As(V) and 
Cr(VI) onto PPhSi-MNPs was not affected by the coexisting ions such as, 
nitrate, sulfate and chloride, whereas it was greatly inhibited by phosphate 
ions. From the mechanistic point of view, a synergy of electrostatic interaction 
and ion-exchange between positive ligand and negative pollutant anions is 
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playing a significant role in enabling high adsorption. Gratifyingly, PPhSi-
MNPs nanocomposites could be easily magnetically retrieved, regenerated and 
then reused for three consecutive adsorption–desorption cycles without any 
appreciable loss of its original adsorption capacity. Such cationically modified 
nanoadsorbents can be a potential candidate for removal of other anionic 
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Chapter 5. Selective heavy metals removal by 




Water contamination due to toxic heavy metals has attracted significant 
attention because of their detrimental effects on the environment and human 




), and nickel 
(Ni
2+
) are toxic and carcinogenic at even relatively low concentrations. Heavy 
metals are non-biodegradable and they can accumulate in living organisms. 
They are generally discharged to the environment from various industrial 
activities such as smelting, electroplating, painting, mining, leather tanning, 
alloy and battery manufacturing, etc, posing a significant threat to the 
environment and public health (Ozay et al. 2009). Therefore, reliable methods 
are necessary for the removal of heavy metals from aquatic environment.  
 
A great deal of effort has been devoted to the effective removal of heavy metal 
ions from environmental matrices. Various treatment techniques available for 
the removal of toxic metals are adsorption, chemical precipitation, ion 
exchange, coagulation, reverse osmosis, electrolysis and membrane process 
etc. (Gupta et al. 2006; Gupta et al. 2009; Xu et al. 2011; Heidari et al. 2009). 
However, among all these methods, adsorption is considered an effective, 
efficient and economic method for the removal of pollutants from wastewater 
(Gupta and Rastogi et al. 2010; Gupta et al. 2011; Gupta and Rastogi 2009; 
Gupta and Jain et al. 2007; Gupta and Ali et al. 2007; Gupta and Mittal et al. 
2006; Gupta and Nayak 2012;  Feng et al. 2010). This technique can be 
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applied frequently on large scale, as it can handle fairly large flow rates, 
producing a high quality of water without producing notorious sludge, residual 
contaminants, etc (Gupta et al. 2007; Gupta et al. 2011). Moreover, adsorption 
is universal and fast in nature and applicable for the removal of organic and 
inorganic pollutants even at low concentration. Recent research focused on 
adsorbents such as activated carbons, zeolites, clays, biomass and polymeric 
materials for the removal of heavy metals (Crini 2005). In wastewater 
treatment, especially in the removal of heavy metals, natural polymers, mainly 
polysaccharides such as chitosan, starch and its derivatives, cyclodextrins, 
have attracted particular attentions, due to their physico-chemical 
characteristics, low cost, availability and the presence of various reactive 
groups on the backbone chain (Crini 2005). Natural polymers present, 
however some disadvantages that limit their use in practical wastewater 
treatment applications, such as their low surface area and difficult separation 
from the liquid phase. Magnetic sorbents on the other hand, have a relatively 
high surface area and are easy to separate and manipulate in complex 
multiphase systems with an external magnetic field. Their advantages prevail 
over the difficulties normally associated with other polymeric powdered 
adsorbents. A step further in developing adsorbents with superior properties 
would be the inclusion of magnetic particles into natural polymers, thus 
combining the advantages of both materials. It was reported that magnetic 
nanomaterials functionalized with biopolymers such as chitosan (Chang and 
Chen 2005; Zhou et al. 2009; Tran et al. 2010), alginate (Lim et al. 2009; Bée 
et al. 2011), gum arabic (Banerjee and Chen 2007), cellulose (Zhu et al. 2011) 
etc. have been used for the removal of toxic metals from aqueous solution. 
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Recently, we have synthesized carboxymethylated β-cyclodextrin modified 
magnetic nanoparticles which could remove Cu
2+
 ions effectively from water 
based on complexation reactions between metal ions and carboxyl groups 
(Badruddoza et al. 2011). Cyclodextrins (CDs) are cyclic oligosaccharides 
consisting of 6 (α), 7 (β), 8 (γ) glucopyranose units linked together via α (1–4) 
linkages. They form a torus-shaped ring structure which contains an apolar 
cavity with primary hydroxyl groups lying on the outside and secondary 
hydroxyl groups inside (Szejtli 1998). This renewable and biodegradable 
compound has the ability to complex various metal ions and this complexation 
ability can be improved by modifying CDs with suitable functional groups 
through esterification, oxidation reactions and cross-linking of hydroxyls 
outside the interior cavity (Norkus 2009). Though β-CD/metal complexation 
has been used in water decontamination technique, particularly in the removal 
of heavy metals (Mahlambi et al. 2010; Crini and Peindy 2006), very little 
attention has been paid to the adsorption selectivity of heavy metal ions on 
these cyclodextrin based adsorbents. 
 
In this work, with an effort to improve the metal complexing ability and 
selectivity of cyclodextrin, carboxymethyl-β-cyclodextrin (CM-β-CD) 
polymer was synthesized and used to graft on the Fe3O4 nanoparticles surface. 
The ligands on the crosslinked β-CD polymers were predominantly carboxyl 
groups, along with hydroxyl groups. This polymer grafted magnetic 
nanoparticles (CDpoly-MNPs) were used as easily separable, recyclable and 







 ions from contaminated water. The adsorption 
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characteristics of CDpoly-MNPs for the removal of heavy metal ions from 
aqueous solution were studied in non-competitive and competitive adsorption 
modes. Efforts were devoted to elucidate adsorption selectivity and 
mechanism and to explore the recyclability of these nanoadsorbents.  
5.2 Results and discussion 
5.2.1 Synthesis and characterization of magnetic nanoparticles  
The functionalization of CM-β-CD polymer on magnetic nanoparticles was 
confirmed by FTIR spectroscopy. Figure 5-1A shows the FTIR spectra of CM-
β-CD polymer, bare and polymer coated Fe3O4 nanoparticles in the 4000-400 
cm
-1 
wavenumber range. The spectrum of CM-β-CD polymer shows the 
characteristic peaks at 1028, 1155 and 1710 cm
−1
. The peaks at 1028 and 1155 
cm
−1
 correspond to the antisymmetric glycosidic νa(C-O-C) vibrations and 
coupled ν (C-C/C-O) stretch vibration. The peak at 1710 cm-1 corresponds to 
carbonyl group (= CO) stretching which confirms the incorporation of the 
carboxymethyl group (-COOCH3) into CM-β-CD polymer. The characteristic 
absorption band of magnetic nanoparticles is 586 cm
-1 
which is due to Fe–O 
bonds in the tetrahedral sites. All the significant peaks of CM-β-CD polymer 
in the range of 900–1200 cm−1 are present in the spectrum of CDpoly-MNPs 
with a small shift. Moreover, as shown in Figure 5-1A, two main characteristic 
peaks appeared at 1628 and 1400 cm
−1
 due to bands of COOM (M represents 
metal ions) groups, which indicates that the COOH groups of CM-β-CD 
polymer reacted with the surface OH groups of Fe3O4 particles resulting in the 
formation of the iron carboxylate (Badruddoza et al. 2011). 
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Figure 5- 1 (A) FTIR spectra of (a) CM-β-CD polymer, (b) uncoated MNPs 
and (b) CDpoly-MNPs, (B) XPS C 1s spectrum of CDpoly-MNPs, (C) TEM 
image of CDpoly-MNPs, and (D) zeta potentials of bare MNPs and CDpoly-
MNPs at different pH. 
 
XPS analysis was applied to find the chemical binding in the as-synthesized 
CDpoly-MNPs. The C 1s deconvoluted spectrum is shown in Figure 5-1B. 
The C 1s spectrum can be curve-fitted into four peak components with binding 
energy of about 284.6, 286.1, 287.9 and 288.7 eV, attributable to the carbon 
atoms in the forms of C–C (aromatic), C–O (alcoholic hydroxyl and ether), 
C=O (carbonyl) and COO
-
 (carboxyl and ester) species, respectively (Zheng et 
al. 2009). The C–O/C–O–C and C=O peaks are the characteristic peaks of 
CM-β-CD polymer. Moreover, the presence of COO- peak at 288.7 eV 
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indicates that the COOH functional groups on CM-β-CD polymer reacted with 
surface OH groups to form metal carboxylate (COOM). Typical TEM image 
of CDpoly-MNPs are shown in Figure 5-1C. It shows that Fe3O4 
nanocomposites bonded with CM-β-CD polymer are spherical particles with 
size range from 8 to 15 nm (Size distribution is shown in Figure 5-2). The 
magnetic hysteresis loop (Figure 5-3) of the samples indicates no remanence 
and no coercivity and reveals their superparamagnetic nature, which is 
beneficial to their dispersibility and redispersibility in the solution. 
 







Figure 5- 3 Magnetization curve for bare Fe3O4 MNPs and CDpoly-MNPs. 
(The magnetic properties of the bare and CM-β-CD polymer coated Fe3O4 
nanoparticles were measured by vibrating sample magnetometer (Model 1600, 
DMS) at room temperature). 
 
Zeta potential plays an important role not only to find the isoelectric point but 
also the pH where maximum adsorption can occur, as it gives a prediction of 
the nature of the charge of the grafting material. Zeta potentials of uncoated 
and CM-β-CD polymer coated magnetic nanoparticles (0.1 mg/L) were 
measured in 10
-3
 M NaCl aqueous solution at different pH. The solution pH 
was adjusted by NaOH or HCl. As shown in Figure 5-2D the pHZPC values of 
unmodified and CM-β-CD polymer modified MNPs were determined to be 6.8 
and 4.4, respectively. Upon surface modification with CM-β-CD polymer 
containing multiple carboxyl groups, the pHZPC shifts to a lower pH value 
because of the introduction of acidic surface groups.  
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5.3.1 Effects of pH 
The solution pH plays an important role in the adsorption process and 
particularly on the adsorption efficiency of affinity. The effect of initial 






 adsorption onto CDpoly-MNPs was 
investigated at pH 2–6, 25 ºC, and an initial M2+ ion concentration of 300 
mg/L. Experiments were not conducted at initial pH above 6 as the 
precipitation of metal hydroxide, M(OH)2, is likely to occur (Naiya et al. 
2009), introducing uncertainty into the results. From Figure 5- 5-2(a), it is 
observed that the metal uptake capacity increases with an increase in pH from 
2 to 6. All studied metal ions exhibit maximum adsorption capacity at pH 5.5 
– 6. Below pH 6, the dominant species of all metals are M2+ and M(OH)+ 
(Naiya et al. 2009; Nassar 2011). The variation in metal uptake capacity with 
pH can be explained by considering the zero point of charge (ZPC) of 
CDpoly-MNPs (pHZPC = 4.4). At pH above the zero point charge, the 
negatively charged carboxylate ions (COO
-
) have strong coordinative affinity 
towards positively charged metal ions. The electrostatic forces of attraction 
allow the carboxylate ions to capture the M
2+ 
through surface complexation, 
forming chelate complexes (Singh et al. 2011). The degree of surface 
complexation increases with increasing pH. Hence, maximum adsorption 
capacity occurs at pH 5.5 – 6. At pH below the zero point charge, there is a net 
positive charge on the CDpoly-MNPs. This enhances the repulsion forces that 
exist between the positively charged metal ions and the sorbent adsorption 
sites, therefore decreasing the adsorption. In addition, the presence of a large 
amount of H
+
 ions at low pH causes the H
+





 ions for CDpoly-MNPs’ adsorption sites through ion exchange 
mechanism, decreasing the metal uptake capacity (Singh et al. 2011). This 
suppressed adsorption of metal ions by CDpoly-MNPs at low pH suggests that 













































































































































































 ions onto CDpoly-MNPs, (d)-(f) the 






 ions in single-component system 





5.3.2 Effects of ionic strength 
To evaluate the effect of ionic strength on the adsorption of metal ions, 
adsorption experiments were carried out by adding NaNO3 at different 
concentrations (from 0 mol/L to 0.2 mol/L). In the experiment, the initial 
metal concentration was 300 mg/L and the pH was 5.5. The results are 
illustrated in Figure 5-4(b), which show that increasing the ionic strength leads 
to a decrease in adsorption of metal ions on the CDpoly-MNPs. The presence 
of inorganic salt in the solution may have two opposite effects. On the one 
hand, since the salt screens the electrostatic interaction of the opposite charges 
on the adsorbent surface and metal ions, the adsorption capacity should 
decrease with the increase of inorganic salt concentration. On the other hand, 
the salt promotes the dissociation of the functional groups like carboxyl 
groups on the adsorbent, and then the adsorbed amount increases (Liu et al. 
2010). At the lower NaNO3 concentration (<0.02 mol/L), the former effect 
seemed to be dominant during the adsorption process. However, at higher 
NaNO3 concentration (>0.02 mol/L), both effects were comparable to each 
other, so the effect of NaNO3 concentration on adsorption was not significant. 
5.3.3 Effects of temperature 
The effects of temperature on the adsorption of metal ions by CDpoly-MNPs 
were investigated at pH 5.5, 25-55 
o
C and an initial concentration of each 
metal ion of 300 mg/L. As shown in Figure 5-4(c), the adsorption capacities 
for CDpoly-MNPs decreased with the increase in temperature for all metal 
ions, indicating that the adsorption process was exothermic in nature. Similar 
observations have been reported in our previous study for the adsorption of 
Cu
2+
 onto CMCD modified Fe3O4 nanoadsorbents (Badruddoza et al. 2011). 
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The decrease in adsorption with temperature may be attributed to either 
decrease in the number of active surface sites available for adsorption on the 
adsorbent or the decrease in the attractive forces responsible for the 
adsorption. 
5.3.4 Equilibrium studies in single-component system 
The equilibrium isotherms for the adsorption of metal ions in single-solute 
system by uncoated MNPs and CDpoly-MNPs at 25 
o
C are presented in Figure 
5-4(d)-(f). It can be seen that the increase in adsorption capacity with increase 







. The equilibrium data are fitted by Langmuir and 
Freundlich adsorption isotherm models. Langmuir and Freundlich adsorption 
isotherms which can be expressed in equations 2 and 3, respectively are 
widely used to describe the relationship between the amount of adsorbate 
adsorbed on adsorbent and its equilibrium concentration in aqueous solution 
(Langmuir 1918; Freundlich 1906).  
1e e
e m m L
C C
q q q K
                                                                  (2) 
ln (1/ ) ln lne e Fq n C K                                                       (3) 
Where, qe is the amount of adsorbate adsorbed per mass of adsorbent at 
equilibrium (mg/g), Ce is the equilibrium concentration of adsorbate in 
aqueous solution (mg/L), qm is the monolayer adsorption capacity at 
equilibrium (mg/g), KL is the Langmuir equilibrium constant, KF is a 
Freundlich constant (index of adsorption capacity), n is Freundlich constant 
(index of adsorption intensity or surface heterogeneity). To determine whether 
the adsorption is favorable, a dimensionless constant separation factor or 
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equilibrium parameter RL is defined based on the following equation (Weber 









                                                               (4)  
Where, KL (L/mg) is the Langmuir isotherm constant, and Ci (mg/L) is the 
initial metal concentration. The RL value indicates whether the type of the 
isotherm is favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1), or 
irreversible (RL = 0). 
 






 ions onto 


























28.01 64.50 17.01 27.70 8.83 13.20 
KL  
(L/mg) 
1.253 0.417 0.007 0.214 0.016 0.043 
R
2 













Freundlich n 4.010 4.98 1.69 12.24 2.43 3.32 
 KF  
(L/g) 
13.44 25.82 0.426 17.64 0.755 2.39 
 R
2 






Table 5- 2 Comparison of maximum adsorption capacity of CDpoly-MNPs 






















29.0 18.59 11.34 (Nassar 2011; 
Nassar 2010) 

















89.2 41.0 - (Xu et al. 2011) 
Silica-supported 
dithiocarbamate 





















12.04 - 8.54 (Gupta et al. 2011) 
CDpoly-MNPs 64.50 27.70 13.20 This study 
 
The values of qm and KL are determined from the slope and intercept of the 
linear plots of Ce/qe versus Ce and the values of KF and 1/n are determined 
from the slope and intercept of the linear plot of ln qe versus ln Ce. The 
isotherm parameters and related correlation coefficients (R
2
) are shown in 
Table 5-1. The adsorption isotherm data of all metal ions on this adsorbent are 
better fitted to Langmuir isotherm model (R
2
 > 0.99) compared to Freundlich 







 ions using uncoated magnetic particles were 28.01, 17.01 and 8.83 mg/g, 
respectively which are in agreement with the results obtained by N. Nassar in 












C which are higher than those using uncoated magnetic nanoparticles. 
These results indicate that the modification of magnetite surface by CM-β-CD 
polymer could enhance the adsorption capabilities of CDpoly-MNPs. The 
multiple oxygen containing groups (mainly carboxyl and hydroxyl groups) 
present in CM-β-CD polymer can form complexes with Pb2+, Cd2+and Ni2+ 
ions on the surface of CDpoly-MNPs. It is also reported that carboxymethyl-β-
cyclodextrin (CMCD) has the ability to complex heavy metals such as 
cadmium, nickel, strontium and mercury in the presence of various organic 
contaminants (Brusseau et al. 1997; Wang and Brusseau 1995). Furthermore, 
the values of RL for the Langmuir isotherm were between 0 and 1, and all the 
Freundlich adsorption intensity variables (n values) were > 2, which supports 
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the favorable adsorption of metal ions with this adsorbent. However, the 
significant difference amongst the values of qm should be attributed to the 
different complexation capacity of the oxygen containing groups on surface 






 by CDpoly-MNPs are in 
decreasing order (0.417, 0.214, 0.043 L/mg, respectively), showing the order 
of metal affinity is the same as that obtained from the kinetic studies. Table 5-







metal ions in single-solute system. Though the performance of this adsorbent 
is comparable with that of other adsorbents, cost comparisons are difficult to 
make due to scarcity of consistent cost information in the literature data. It is 
noteworthy that commercially available adsorbents such as activated carbons 
are costly, time-consuming and its regeneration and recovery is the most 
expensive which accounts for about 75% of the total operating and 
maintenance costs (Nassar 2010). β-CD molecules are available commercially 
at a low-cost. Both soluble and insoluble CD-based materials are also 
straightforward to prepare with relatively inexpensive chemical reagents and 
are available in a variety of structures with a variety of properties (Crini and 
Morcellet  00 ). Anchoring the β-CD derivatives on the surfaces of Fe3O4 
nanoparticles in one step precipitation method is also a simple and inexpensive 
method. The nanoadsorbents synthesized in this way, show higher adsorption 
capacities and faster kinetics and they could be regenerated and recycled using 
simple magnetic separation technology which is obviously a great advantage. 
Moreover, these nanoadsorbents can potentially be used for the removal of 
organic pollutants from wastewater as β-CD has the inclusion capabilities with 
a wide variety of organic molecules.  
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5.3.5 Effects of contact time and adsorption kinetics 






 ions on CDpoly-
MNPs from aqueous solution as a function of contact time. It can be noted that 
the adsorption of all the metals on the adsorbent increased with contact time. 
The adsorption rate was fast and the maximum adsorption was achieved 
almost within 45 min for all three metal ions. The contact time required for the 
metal adsorption using this adsorbent is very short compared to other 
adsorbents reported such as activated carbon (Shekinah et al. 2002) and clay 
minerals (Ozdes et al. 2011). The short time required to reach equilibrium 
shows that mainly external adsorption occurs in the nonporous Fe3O4 
nanoadsorbent (Nassar 2010). The contact time is one of the important 
parameters for economical wastewater treatment application. Short adsorption 











 adsorption by 


















 ions onto CDpoly-MNPs is 










q k q q
                                                                  (5) 
Where, qe and qt represent the amount of contaminant adsorbed on adsorbent
 
(mg/g) at equilibrium and at any time, t (min), respectively, k2 are the rate 
constant of pseudo second-order adsorption (g/mg.min). The initial adsorption 
rate, v0 (mg/mg.min) of these metal ions was also calculated from the pseudo-
second-order model using equation 6: 
2
20 eqkv                                                                     (6) 
The slope and intercept of the plot of t/qt versus t are used to calculate k2 and 
qe,cal (Figure 5-5). The corresponding kinetic parameters from this model are 
listed in Table 5-3. It is found that the correlation coefficient (R
2
) for the 
pseudo-second-order adsorption model has high value (>99%), and the qe 
values (qe,cal) calculated from pseudo-second-order model are more consistent 
with the experimental qe values (qe,exp). These suggest that the adsorption data 
is well represented by the pseudo-second-order kinetic model. This kinetic 
model was based on the assumption that the rate controlling step of 
chemisorption involved valence forces through sharing or exchange of 
electrons between adsorbent and adsorbate (Heidari et al. 2009; Reddad et al. 
2002; Pang et al. 2011). Furthermore, the initial sorption rate for all the metals 






. The pseudo-second-order adsorption has 
also been reported for some heavy metals on many adsorbents such as- 
functionalized magnetic mesoporous silica (Li et al. 2011), magnetic 
hydroxyapatite nanoparticles (Feng et al. 2010) and polyethylenimine grafted 











MNPs at 25 
o























 300 67.25  0.003 11.98 66.67 0.996 
Cd
2+
 300 25.02  0.016 10.00 25.19 0.999 
Ni
2+







5.3.6 Multi-component adsorption  
To examine the competitive effects the metals exert on each other in multi-
metal solutions, the removal efficiencies of CDpoly-MNPs for each metal in 
single, binary and ternary solutions were compared and are shown in Figure 5-






 ions in 
single-metal system (equimolar and non-competitive) were 37.5%, 19.57% 











 adsorption was slightly reduced (to 26.6% and 29.48% 




. This indicates that Pb
2+
 ions 














also decreased to 12.70% and 14.30% respectively, showing the 
competitiveness of the two metals. In the ternary system, the percentage 
removal of Pb
2+





 were lower than that of single or binary metal 
mixtures (10.15% and 10.26% respectively). 
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The decrease in sorption capacity of same adsorbent in multi-metal solution 
than that of single metal ion may be ascribed to the less availability of binding 
sites. In case of multi-metal solution, when metals compete for the same 
adsorption sites of an adsorbent, metals with a greater affinity could displace 
others with weaker affinity (Qin et al. 2006). The results from the binary and 




 has little 
influence on the adsorption of Pb
2+





 are significantly reduced when in a competitive 
metal ion environment. Hence, the order of removal efficiencies for the three 













. This result strongly holds true when we 
condsider the adsorption in equi-mass basis. This tendency of higher 
adsorption of Pb
2+
 on different adsorbents containing –COOH and –OH 
functional groups in multi-metal solutions was reported in other studies 










































 from single, binary 
and ternary mixtures (Each metal concentration: 2 mmol/L, adsorbents: 120 
mg, temperature: 25 °C, pH 5.5 and contact time: 2 h). (b) Plot of the 
adsorption capacities versus the covalent index  
 
The extent to which a metal ion will bind to a ligand depends strongly on the 
chemistry of the metal ion and its preference to form covalent or ionic bonding 
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(Wang and Chen, 2006). Metal ions act as lewis acids by accepting electron 
pairs from ligands. Pearson divided metal ions into class A ‘hard’ ions, class B 
‘soft’ ions and borderline ions. The theory was further refined by Nieboer and 
Richardson (1980), and Nieboer and McBryde (1973) who described class A 
metal ions as nonpolarizable hard metals that prefer to bind to nonpolarizable 
hard bases by bonds that are principally ionic, and class B metal ions as 
polarizable soft metals that prefer to bind to polarizable soft bases by bonds 
that are mainly covalent. Pb
2+





 are classified as borderline ions (intermediate between class A and B, but 
with properties nearer that of class B metal ions). It was argued by Tsezos et 
al. (1995) that  the competition between ions was more for metals belonging to 
the same class, and adsorption of borderline ions were affected by the 
presence of soft ions, but not the other way around. Based on this, the 
competition effects observed in our study could be explained. Due to Pb
2+
 




 (soft ions), 
these two cations did not have much effect on Pb
2+
 adsorption onto CDpoly-
MNPs. On the other hand, the soft Pb
2+





. This can be explained by the metals’ chemical 
coordination, stereochemical and redox characteristics (Tsezos et al. 1995; 






 removal by CDpoly-MNPs 




 mixture as compared to single metal 
solutions, an indication of their competitive effect against each other because 
they belonged to the same class, viz. borderline class (Puranik and Paknikar, 




 ions have on each other is 
consistent with that found in other studies (Petrangeli et al. 2004). 
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To evaluate the performance of our developed nanoadsorbent in real 
wastewater treatment, urban wastewater from Tuas area in Singapore was 
collected and spiked with cadmium nitrate, nickel nitrate, copper nitrate and 
cadmium nitrate to obtain wastewater which simulated paint industry effluent. 
These metal ions are particularly common heavy metals found in paint 
industries’s wastewater (Malakootian et al. 2009). Despite the presence of 
competitive effect of Cd
2+
  and Ni
2+
 metal ions, about 99.9% and 85% 
reduction in Pb
2+
 concentrations was achieved at pH 7 and 4, respectively as a 
result of treatment with the developed magnetic nanoadsorbent. These results 
are presented in Table 5-4 which clearly indicates that the adsorbent has 
potential applications for the removal of Pb
2+ 
from industrial wastewater. 
 




















Sample 1:      
before treatment 7.35 16.90 6.19 13.90 1.23 
after treatment 5.80 0.010 3.29 9.78 0.45 
Sample 2:      
before treatment 3.98 7.34 14.14 13.45 1.70 
after treatment 3.82 1.10 11.48 13.28 0.36 
 
5.3.7 Adsorption mechanism 
To elucidate the reaction mechanisms occurring on the adsorbents, FTIR 
spectra of the CDpoly-MNPs before and after metal adsorption are shown in 
Figure 5-7. Before adsorption, the carboxylate ions give rise to two bands at 
1628 and 1400 cm
−1
 which correspond to strong asymmetrical and 
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symmetrical stretching bands respectively. The peak at 1628 cm
−1
 turned to a 
shoulder after Pb
2+
 adsorption, and this may indicate a strong Pb
2+
 interaction 
with C=O groups. Moreover, bands at 1628 and 1400 cm
−1
 also exhibit shifts 




 solutions. This suggests 
that the deprotonated carboxyl forms (carboxylate anions) on CDpoly-MNPs 
interacted with metal ions. The peak at 1340 cm
−1
 which is assigned to C–O 
stretch of COO–M groups indicates the presence of metal–carboxylate 
complex (Kurniawan et al. 2011). In addition, the coordination type of metal–
carboxylate complexes can also be determined by examining the vibrational 
modes of vasym (COO
−
) and vsym (COO
−
) in the wavenumber region of 1300–
1750 cm
−1
. The difference (∆v) between vasym (COO
−
) and vsym (COO
−
) is 
larger than 200 cm
−1
 in our study, suggesting the formation of metal–
carboxylate complex through unidentate chelating coordination (Kurniawan et 
al. 2011). 
 
The C-O stretching of alcoholic/ether groups at 1033cm
−1 
were shifted in the 
range 9-11cm
−1 
after metal adsorption. The broad peak at 3423cm
−1 
was 
shifted to higher wavenumber 3431 cm
−1
. A band at 1385cm
−1
 appeared after 
M
2+
 adsorption, which could be attributed to the bending mode of C–O–H that 
would occur in an alcoholic group or a protonated alcoholic group or a 
protonated ether group (Chen et al. 2002). This result indicates that hydroxyl 
groups may also be involved in metal binding. Indeed, complexation of metals 
with neutral or anionic polysaccharides in solution involving hydroxyl groups 














The nature of bonding and the difference in affinities for the binding sites of 
the metal ions affects the adsorption capability onto the same adsorbent. It is 
difficult to attribute this adsorption capability by a single factor such as atomic 
number, ionic potential or ionic radius (Jing et al. 2009). Therefore, the 
concept of covalent index was devised by Nieboer and McBryde (1973). The 
values of this covalent index can be expressed by: 
              (7) 
Where, Xm is electronegativity of the metal ion and r is the cationic crystal 
radius. The covalent index could reflect the importance of chelating 
interactions with ligands relative to ionic interactions (degree of class B 
behavior). The metal adsorption capacity has been found positively correlated 
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to the covalent index (Jing et al. 2009). The plot of adsorption capacity (mg/g) 
against covalent index is shown in Figure 5-6(b). The linear fitted plot has a 
relatively good R
2
 value of 0.975, an indication that the chelating interaction 
did have an important role to play during the adsorption process. However, 
deviation from total linearity probably indicates that the sorption of one or 
more of these metals was not totally governed by covalent binding. Other 
types of ionic interactions might be involved (Puranik and Paknikar 1999). 
This is further supported by the desorption studies, which showed that 0.1M 
EDTA was able to recover 94.2% of adsorbed Pb
2+





 respectively, suggesting that Pb
2+
 is more likely to be 
affected by complexation interactions. In other research, Reddad, Gerente, 
Andres and Le Cloirec (2002) found that the adsorption mechanism of 
cadmium and nickel by sugar beet pulp consists of a significantly higher 
percentage ionic interaction than complexation as compared to lead. 
Therefore, our study allows us to conclude that complexation reactions played 






 by CDpoly-MNPs, 
but the effect of ionic interaction should not be excluded as well. 
5.3.8 Desorption and reusability 
To evaluate the possibility of regeneration and reusability of the CDpoly-







 from CDpoly-MNPs was demonstrated 
using three different buffers, namely 0.01 M nitric acid, 0.1 M Na2EDTA and 







using the three buffers are summarized in Figure 5- 4(a). HNO3 and Na2EDTA 
solutions show excellent desorption efficiency for Pb
2+
 (96.0% and 94.2% 
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 desorption, with 
a recovery of 61.8% and 82.7% respectively. The bonding between the active 
sites of magnetic nanoadsorbent and metal ion is not sufficiently strong to be 
held in acidic conditions (Nassar 2010).
 
Under acidic conditions, H
+
 ions 
protonate the adsorbent surface i.e. the carboxyl group (–COOH) regeneration 
is more favorable, thereby reflecting the metal ions from the adsorbent surface 
leading to desorption of positively charged metal ions. Moreover, Na2EDTA 
solution could desorb Pb
2+ 





 ions. When Na2EDTA solution was added to the metal adsorbed-CDpoly-
MNPs, stronger coordination ligands in the Na2EDTA would have formed a 
stronger bonding with Pb
2+
 ions, making the metal ions more easily desorb 
from the CDpoly-MNPs (Yu et al. 2011).  
 
The reusability was checked by following the adsorption–desorption process 
for four cycles for Pb
2+
 ions and the adsorption efficiency in each cycle was 
analyzed and presented in Figure 5-8(b). As Pb
2+
 ions could be desorbed 
almost completely from the adsorbent, reusability of the adsorbent was 
checked with only Pb
2+
 ions in this study. The CDpoly-MNPs adsorbent kept 
its adsorption capability after repeated adsorption–regeneration cycles with 
negligible changes, indicating that there are almost no irreversible sites on the 
surface of CDpoly-MNPs. Our recyclability studies suggest that these 













MNPs using different desorption eluents, (b) Four consecutive adsorption–
desorption cycles of CDpoly-MNPs adsorbent for Pb
2+
 (initial concentration: 




Superparamagnetic magnetite (Fe3O4) nanoparticles coated with CM-β-CD 
polymer were synthesized, which could be used as an efficient adsorbent for 
the removal of heavy metal ions from wastewater. The adsorption capacities of 
Fe3O4 nanoparticles were enhanced upon the surface modification with CM-β-
CD polymer. The CM-β-CD polymer provides numerous surface carboxyl and 
hydroxyl groups, and hence, generates the strong affinity for metal ions. The 
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solution pH, temperature and ionic strength affected the adsorption of all metal 
ions onto CDpoly-MNPs. Adsorption reaches equilibrium within 45 min and 






 adsorption follows the pseudo-second-order 






 were 64.50, 
27.70 and 13.20 mg/g, respectively at 25 
o
C and the equilibrium data are fitted 
well by the Langmuir model. Adsorption of Pb
2+





 ions. In multi-metal solutions, CDpoly-MNPs could removed 







basis). Higher selectivity as well as reversibility of the sorption-elution 
process towards Pb
2+
 ions is the characteristic of these nanoadsorbents. Our 
results suggest that cyclodextrin polymer/Fe3O4 nanocomposites can be used 
as a reusable absorbent for easy, convenient, and efficient removal of metal 
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Chapter 6. Simultaneous removal of acid blue-25 and 
Pb
2+
 from aqueous solutions using carboxymethyl-β-




Dyes like acid blue 25 and heavy metal such as lead are commonly found 
together in effluent discharged by textile industries. The existences of such 
pollutants have significant detrimental impact on the environment and human 
health. Heavy metals discharged by smelting, painting, electroplating, 
electronic etc. industries are non-biodegradable and toxic at relatively low 
concentrations. Dyes used in coloring of products in textile and visible in 
small amounts are toxic and carcinogenic. Hence there is a need to 
simultaneously remove both heavy metals and dyes from wastewater before 
effluent discharging.  
 
Few methods are available to treat wastewater for removal of both heavy 
metals and dyes such as electrochemical treatment, chemical precipitation, ion 
exchange, electrolysis, adsorption etc. Among these techniques adsorption is 
most popular because of its simplicity, easy and sludge-free operation and 
handling, regeneration capacity and cost effective nature (Badruddoza et al. 
2011 and 2013). For removal of Acid blue and lead from water several 
adsorbents such as, chitosan, activated carbon, polymeric adsorbents, clay 
minerals, zeolites have been reported. Recently, the exploitation of 
nanomaterials or nanoparticles for removal of metallic pollutants from water 
or wastewater has emerged as an intriguing research direction. Because, 
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compared to the bulk sorbents, nanomaterials-based adsorbents have a much 
larger surface area to accommodate far greater number of active sites for 
interaction with different chemical species. Different types of materials such 
as, carbon nanotube, iron oxide, aluminium oxide, and titanium oxide were 
employed in many studies as nanoadsorbents and showed excellent adsorption 
capacities for various heavy metals. Particularly, iron oxide nanoparticles are 
of great interest in the field of environmental remediation in recent years 
because of their dispersibility in water and superparamagnetic properties. 
These nanoparticles can be quickly and easily separated from the water phase 
by simply applying an external magnetic field and reused without losing the 
active sites. To avoid the oxidation of magnetic nanoparticles and also to 
increase the stability and adsorption capacities of nanoparticles, different 
coating materials or ligands have been employed to modify the surface. Over 
the past few years several magnetic nanoadsorbents are developed e.g., 
magnetite (Fe3O4), diatomite supported/unsupported magnetite nanoparticles, 
flower like Fe2O3 nanoparticles, magnetite-reduced graphene oxides 
composites, CTAB modified magnetic nanoparticles, polypyrrole/Fe3O4 
magnetic nanocomposite, surface modified jecobosite nanoparticles and 
calix[4]arene-grafted magnetite nanoparticles (Hu et al. 2006; Chowdhury and 
Yanful 2010; Yuan et al. 2010; Cao et al. 2012; Jin et al. 2012; Chandra et al. 
2010; Bhaumik et al. 2011; Sayin et al. 2010). In this work, we utilized 
carboxymethyl- β-cyclodextrin (CMCD) as a coating material to modify the 
Fe3O4 nanoparticles to accomplish high adsorption capacity for simultaneous 




β-CD is made of sugar (starch) molecules bound together in a cyclic ring vie α 
(1-4) linkages and particularly contains 7 glucose monomers in one ring.  Its 
shape can be visualized as toroidal, hollow truncate cones with external 
hydrophilic rims due to hydroxyl groups attached on the outer surface of the 
structure and internal hydrophobic cavity. The hydrophobic cavity facilitates 
inclusion with a wide variety of organic compounds via host-guest 
interactions, whereas the hydroxyl groups form cross linking with coupling 
agents. The molecular encapsulation of organic compounds in β-CD is due to 
weak interactions, for example hydrophobic effects, Van der Waals interaction 
and hydrogen bonding.  eavy metals on the other hand form complex to β-CD 
thorough the interactions between the metal ions and the –COOH functional 
groups. Studies on separation by adsorption using nano-sized magnetic 
particles coated with carboxymethyl beta cyclodextrin have been applied in 
the removal of heavy metals and organic contaminants such as some amino 
acids, bisphenol-A (BPA) and dyes such as methylene blue. Attempts to 
extend the application of CMCD-MNPs as adsorbent for the treatment of both 
dyes and heavy metals in wastewater simultaneously would be studied. A 
quantitative analysis of maximum adsorption capacities of bare and CMCD 
coated on MNPs is also necessary. These would provide a better 
comprehension of advantages in surface modification of magnetic 
nanoparticles and further broaden the other possibility of their application for 
environmental protection. 
 
In this study, carboxymethyl-β-cyclodextrin functionalized Fe3O4 
nanoparticles (CMCD-MNPs) were synthesized for the simultaneous removal 
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of lead ions and acid blue dye from aqueous solutions. The effects of the 
concentration of Pb
2+
on the adsorption of AB 25 and vice versa were also 
studied in batch processes. In our previous study, we studied the adsorption of 
Cu
2+
 and methylene blue dye individually onto CMCD-MNPs. Very few 
works have focused on the simultaneous adsorption of organic and inorganic 
pollutants and notably no work based on CMCD coated nano particles. 
However, in this work we focused on the simultaneous adsorption of dye and 
heavy metals in binary systems. This study was conducted to study the effect 
of simultaneous adsorption of AB 25 and Pb
2+
 and how they influence the 
adsorption of each other. These magnetically separable nanoadsorbents were 
characterized by FTIR, TEM, XPS and zeta potential. Influence of external 
parameter such as, pH, contact time on the extent of adsorption of AB 25 and 
Pb
2+
 were investigated. Adsorption equilibrium and kinetic properties of this 
adsorption process were studied in single and binary component systems.  
6.2 Results and discussion 
6.2.1 Synthesis and characterizations of nano-sized magnetic 
particles 
The coating of CMCD on the surface of Fe3O4 nanoparticle adsorbent was 
investigated by FTIR, zeta potential and XPS analyses. The FTIR spectra of 
uncoated MNP, CMCD-MNPs and CMCD in the 400-4000 cm
-1
 wavelength 
numbers were shown in Figure 6-1. The spectra of uncoated MNPs have the 
characteristic adsorption band of Fe-O in the tetrahedral site and –OH 
stretching vibration of 579 and 3396 cm
-1
 respectively. Those of CMCD-
MNPs are slightly different, 586 and 3387 cm
-1
. In general, absorption bands 
with wave numbers of 1500 to 4000 cm
-1
 typically represent functional groups 
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(e.g. –OH, C=O, N-H, and CH3).  The characteristic peaks of CMCD 
spectrums were 945, 1030, 1057 and 1701 cm
-1
. The peaks at 945, 1030, and 
1057 cm
-1
 are attributed to the R-1,4-bond skeleton vibration of β-CD, 
antisymmetric glycosidic νa (C-O-C) vibrations and coupled ν (C-C/C-O) 
stretching vibrations respectively. While the peak at 1701 cm
-1
 is 
corresponded to the attachment of the carboxymethyl group (-COOCH3) on 
the β-CD molecule. These main peaks are in a range of 900 to 1200 cm-1 and 
slightly shifted to 945, 1026, and 1150 cm
-1
 in the spectrums of CMCD-MNPs 
as shown in Figure 6-1 (b). In addition, two significant characteristic peaks at 
1620 and 1400 cm
-1
 are attributed to COOM (M is metal ions) groups which 
shows that the COOH groups of CMCD were reacted with OH groups of 
Fe3O4 to form iron carboxylates.  
 






Figure 6- 2 Zeta potential of uncoated MNPs and CMCD coated MNPs. 
 
As can be seen in Figure 6-2, the isoelectric point of uncoated MNP was 6.7; it 
is consistent with the value reported in the literature. After we had grafted with 
CMCD, the point of zero charge occurred at pH 4.7. The finding indicated a 
successful surface coating of CMCD onto the nano-sized magnetic particle 
adsorbent. Moreover MNPs modified with CMCD yields acidic surface since 
pHpzc is lower than that of uncoated MNPs and this surface acidity is due to 
introduction of several oxygen containing functional groups. 
 
Figure 6-3 shows the C 1s deconvoluted spectrum which can be curve-fitted 
into four peak components with binding energy of about 284.4, 286.4, 287.9 
and  288.6 eV, attributable to the carbon atoms in the forms of C–C 
(aromatic), C–O (alcoholic hydroxyl and ether), C=O (carbonyl) and COO- 
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(carboxyl and ester) species, respectively. The C–O/C–O–C and C=O peaks 
are the characteristic of CMCD. Moreover, the presence of COO
-
 peak at 
288.6 eV indicates that the COOH functional groups on CMCD reacted with 
surface OH groups to from metal carboxylate (COOM). The findings shown 
by Figures 3 to 6 confirm a successful coating of CMCD onto the surface of 
the nanosized magnetic particles. 
 
 
Figure 6- 3 XPS C 1s spectrum of CMCD-MNPs. 
 
The amount of CMCD bound on the surface of iron oxide nanoparticle was 





Figure 6- 4 TGA curve of (a) Uncoated MNPs and (b) CMCD coated MNPs 
 
Figure 6-4 demonstrates that the weight loss of the uncoated MNP is 1.6% at 
temperatures below 140 
o
C which may be caused by the loss of water 
absorbed in the sample. From 20 to 700 
o
C, the total weight loss of bare MNP 
is 2.4% which may be due to the loss of the water absorbed and dehydration of 
-OH groups in the sample. The weight loss of CMCD coated on the surface of 
MNP can be seen in Figure 6-4. At a temperature less than 200 
o
C, there was a 
slow weight loss due to the residual water released. Between 200 to 400 
o
C, 
the sample lost CMCD due to its thermal decomposition of CMCD moieties. It 
is depicted from a sharp decrease in weight from 1.8% to 12.8%. Therefore, 
TGA curve gives insight about the attachment of CMCD onto the surface of 
MNPs was successful.  
 
Typical TEM morphology and size distribution of uncoated MNPs and CMCD 
coated MNPs are shown in Figure 6-5. As observed from micrographs, the 
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magnetic particles are specifically well shaped spherical or ellipsoidal. The 
mean diameter of CMCD coated magnetic nanoparticles is about 11 nm which 
is slightly higher than that of uncoated magnetic nanoparticles (mean diameter 
is about 10 nm). This finding show that the binding process does not result in 
agglomeration and change in size of the nanoparticles. It is known that the 
magnetic particles with size less than 30 nm will exhibit superparamagnetism. 
Thus the resulted surface coating of MNPs coated with CMCD shows 
superparamagnetic properties which are further evidence by VSM studies. 
   
          
Figure 6- 5 TEM micrographs and size distribution of bare CMCD-MNPs 
 
The magnetic properties of both uncoated and CMCD coated on magnetic 
nanoparticles were measured by VSM at room temperature. In the absence of 
magnetic fields, these particles showed single domain magnetic dipoles which 
show no preferred directional ordering, due to the domination of the thermal 
forces towards the dispersion of these particles. While in the presence of 
sufficiently high external magnetic field, the particles exhibited a referential 
ordering in the direction of this field. The hysteresis loops, a particular 
characteristic of superparamagnetic particles can be seen in Figure 6-6. Both 
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bare and CMCD coated magnetic nanoparticles possess the hysteresis loops, it 
is thus indicated that both particles have superparamagnetic properties. From 
M versus H curve, the saturation magnetization value (Ms) of bare MNP was 
found to be 75 emu g
−1
 which is less than that of its bulk counterpart (92 emu 
g
−1
). After coated with CMCD, the saturation magnetization value of magnetic 
particles became 54 emu/g. A decrease of Ms might be attributed to the 
existence of non-magnetic materials (CMCD layer) on the surface of MNPs 
leading to a formation of non-magnetic shell. This finding indicates that 
surface coating with CMCD possesses highly efficient magnetic manipulation 
when used as nanoadsorbent for the removal of dyes dissolved in solution 
under relatively low external magnetic field. 
 







6.3 Adsorption of AB 25 and Pb
2+
 
6.3.1 Effect of pH 
The solution pH plays an important role in the adsorption process and 
particularly on the adsorption efficiency of affinity. In this work, the effect of 
pH on the dye adsorption was studied in batch adsorptions at pHs 2 to 11. 
Here, adsorption equilibriums were run at specific pHs. The solutions were 
agitated at least 6 hours at room temperature to attain equilibrium condition. 
From the pH studies it was observed that at lower pH the adsorption of Acid 
blue is higher. The optimum pH of acid blue was found to be pH 3.5. Similarly 
the optimum pH for the Pb
2+
 adsorption onto CMCD-MNPs was found to be 




















Figure 6- 7 Effect of pH on the adsorption of AB 25 and Pb
2+
 onto CMCD-
MNPs (initial concentration AB 25 = 1000 mg/L and Pb
2+








Figure 6- 8 Zeta potential analyses of AB 25 and CMCD-MNPs. 
 
At lower pHs, there are more hydrogen ions (protons) which make the surface 
of the adsorbent positive, so the adsorption increases. The positive charged of 
the adsorbent assists electrostatic interaction with the negatively charged 
sulfonate groups (SO3
-
) of the dye since in aqueous solutions, AB 25 is first 
dissolved and its sulfonate groups dissociate, finally the dye becomes anionic 
dye ions. The mechanism could also be seen from the result of zeta potential 
value. As shown in Figure 6-8, at lower pHs, the adsorbent had positive zeta 
potential while the dye was negatively charged. However, at pHs lower than 2, 
the excess hydrogen ions competed with the adsorbent to bind the dye 
molecules. Therefore, the amount of dye taken by the adsorbent diminished. 
When pH rises, the amount of hydroxyl ions (OH
-
) is numerous and they 
create a competition with COO
-
 groups of the adsorbent in binding dye 
molecules. In addition, at high pHs, both the dye and the adsorbent have same 
charges (negative charges), so the electrostatic repulsion of the similar charges 
in solution lead to a inhibition of dye removal. For each experiment, after 
adsorption, the pHs of solutions increased not more than 0.7 units. This 
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indicates an ion-exchange mechanism also participated in the adsorption of 
AB 25 with magnetic nanoparticles adsorbent.  
 
The effect of initial solution pH on Pb
2+
 adsorption onto CMCD-MNPs was 
investigated at pH 2–6, 25 ºC, and an initial M2+ ion concentration of 200 
mg/L. Experiments were not conducted at initial pH above 6 as the 
precipitation of metal hydroxide, M(OH)2, is likely to occur (Naiya et al. 
2009), introducing uncertainty into the results. It is observed that the metal 
uptake capacity increases with an increase in pH from 2 to 6. All studied metal 
ions exhibit maximum adsorption capacity at pH 5.5 – 6. Below pH 6, the 




 (Naiya et al. 2009; Nassar 
2011). The variation in metal uptake capacity with pH can be explained by 
considering the zero point of charge (ZPC) of CMCD-MNPs (pHZPC = 4.6). At 
pH above the zero point charge, the negatively charged carboxylate ions 
(COO
-
) have strong coordinative affinity towards positively charged metal 
ions. The electrostatic forces of attraction allow the carboxylate ions to capture 
the M
2+ 
through surface complexation, forming chelate complexes (Singh et al. 
2011). The degree of surface complexation increases with increasing pH. 
Hence, maximum adsorption capacity occurs at pH 5.5 – 6. 
 
At pH below the zero point charge, there is a net positive charge on the 
CMCD-MNPs. This enhances the repulsion forces that exist between the 
positively charged metal ions and the sorbent adsorption sites, therefore 
decreasing the adsorption. In addition, the presence of a large amount of H
+
 
ions at low pH causes the H
+
 ions to compete effectively with M
2+
 ions for 
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CMCD-MNPs’ adsorption sites through complex adsorption mechanism, 
decreasing the metal uptake capacity (Singh et al. 2011).  
6.3.2 Effects of contact time and adsorption kinetics 
Figure 6-9 shows the effects of contact time on adsorption of AB 25 and Pb
2+
 
onto CMCD-MNPs at an initial concentration of 100, 200 and 500 mg/L for 
AB 25 and 200 mg/L for Pb
2+
 and at 25 ºC. It was shown that as the time 
increased, the adsorption capacity increased rapidly in the beginning and 
attained equilibrium at about 20 and 5 min respectively, for AB 25 and Pb
2+
 
adsorption and thereafter remains almost constant. The pseudo-first-order and 
pseudo-second-order kinetic equations were used to test the experimental data 
in order to examine the controlling mechanism of adsorption. The pseudo-
first-order kinetic model is expressed by the following equation (Ho and 
McKay 1998),  
 
1ln( ) lne t eq q q k t                                                  (2) 
Where, qe and qt refer to the adsorption capacity of metal ions
 
(mg/g) at 
equilibrium and at any time, t (min), respectively, and k1 is the rate constant of 
pseudo-first-order adsorption (min
-1
). The slope of the linear plot of log (qe-qt) 
versus t is used to determine k1 (figure not shown).  
The pseudo-second-order kinetic rate equation is expressed as follows (Ho and 







q k q q
                                                               (3) 
Where, k2 is the rate constant of pseudo-second-order adsorption (g/mg.min). 
The slope and intercept of the plot of t/qt versus t are used to calculate k2 and 
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qe,cal (Figure 6-9b). The comparison of pseudo-first-order and pseudo-second-
order kinetic parameters estimated is listed in Table 6-1. The correlation 
coefficient, R
2
 values (>0.99) show that the adsorption system belongs to 
pseudo-second-order kinetic model. The calculated qe values for both AB 25 
and Pb
2+ 
adsorption using pseudo-second-order rate equation were also in good 
agreement with the experimental values. Therefore the sorption reaction 
belongs to the pseudo second-order kinetic model and the overall rate of the 
adsorption process is probably due to the complex reaction and inclusion 
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Figure 6- 9 The amount of (a) AB 25 in presence of Pb and (b) Pb
2+
 in 
presence of AB 25 adsorbed onto CMCD-MNPs versus time at three different 
concentrations (conditions:  initial concentrations = Pb 200 mg/L and AB 25 = 
100, 200, 500 mg/L adsorbent mass = ± 120 mg, their optimum pH, volume = 
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Figure 6- 10 Pseudo-second-order kinetic plots of the adsorption of (a) AB 12 
and (b) Pb
2+
 onto CMCD-MNPs at three different temperatures (conditions:  
initial concentration = 100, 200, 500 mg/L AB 25 and Pb
2+
 200 mg/L, 
adsorbent mass = ± 120 mg, pH 5, volume = 10 m mL, agitation speed = 200 











Table 6- 1 Adsorption kinetic parameters of AB 25 and Pb
2+
 (pH 5) on the 







Pseudo second order  















Pb 200 44.24 0.1548 44.25 0.9999 
Pb (AB 100 mg/L) 200 78.65 0.1075 78.74 0.9999 
Pb (AB 200 mg/L) 200 85.24 0.1711 85.47 0.9998 
Pb (AB 500 mg/L) 200 93.45 0.1908 93.46 0.9999 
AB 100 41.45 0.0522 40.65 0.9999 
AB (Pb 200 mg/L) 100 46.45 0.0355 46.72 0.9998 
AB (Pb 200 mg/L) 200 96.03 0.0328 96.16 0.9999 
AB (Pb 200 mg/L) 500 236.85 0.0147 238.06 0.9998 
 
6.3.3 Equilibrium studies of AB 25 and Pb2+ 
The equilibrium isotherms for the adsorption of AB 25 and Pb
2+
 ions by 
CMCD-MNPs at 25 
o
C are presented in Figure 6-11 It can be seen that the 
adsorption capacity increases with increase in equilibrium metal ion 
concentration for both metal ions in the solution. Moreover, the presence of 
one species enhances the adsorption of other. The equilibrium data are fitted 
by Langmuir and Freundlich adsorption isotherm models. Langmuir and 
Freundlich adsorption isotherms which can be expressed in equations 4 and 5, 
respectively  are widely used to describe the relationship between the amount 
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of adsorbate adsorbed on adsorbent and its equilibrium concentration in 
aqueous solution (Langmuir 1918; Freundlich 1906).  
1e e
e m m L
C C
q q q K





(ln                                                         (5) 
 
Where, qe is the amount of adsorbate adsorbed per mass of adsorbent at 
equilibrium (mg/g), Ce is the equilibrium concentration of adsorbate in 
aqueous solution (mg/L), qm is the monolayer adsorption capacity at 
equilibrium (mg/g), KL is the Langmuir equilibrium constant, KF is a 
Freundlich constant (index of adsorption capacity), n is Freundlich constant 
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Figure 6- 11 Equilibrium isotherms for the adsorption of (a) AB 25 and (b) 
Pb
2+









Table 6- 2 Adsorption isotherm parameters for AB 25 and Pb
2+
 mixtures in 






































454.56 714.29 1250 44.25 116.2 153.85 
KL  
(L/mg) 
0.039 0.087 0.123 0.078 0.391 0.274 
R
2




KF 88.41 89.57 134.58 10.55 27.75 30.13 
nF 4.25 2.68 1.37 4.45 2.98 2.28 
R
2
 0.906 0.923 0.788 0.881 0.896 0.933 
 
The values of qm and KL are determined from the slope and intercept of the 
linear plots of Ce/qe versus Ce  and the values of KF and 1/n are determined 
from the slope and intercept of the linear plot of ln qe versus ln Ce (figures are 
not shown). The isotherm parameters and related correlation coefficients (R
2
) 
are shown in Table 6-2. The adsorption isotherm data of all metal anions on 
both on PPhSi-MNPs and bare MNPs are better fitted to Langmuir isotherm 
model (R
2
 > 0.99) compared to Freundlich model. The Freundlich constant n 
is found to be greater than 1 which indicates the favorable condition for 
adsorption. Based on Langmuir isotherms, the maximum uptake (qm) for AB 
25 and Pb
2+
 in single component system using CMCD-MNPs were 454.54 and 
44.25 mg/g. In the mixtures the adsorption capacities of both were increased to 
a very high extent. The maximum adsorption capacities of CMCD-MNPs 
toward AB 25 and Pb
2+
 were 1250 and 153.85 mg/g,
 
respectively at 25 
o
C 
which are higher than those using in single component onto CMCD-MNPs. 
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These results indicate that CMCD anchored on the surface of magnetic 
particles has greater AB 25 and Pb
2+
 combined bonding capacity relative to 
that of single component system onto CMCD-MNPs. Tovar-Gómez et al. 
reported that the anionic dye AB 25 favors the adsorption of the heavy metal 
ion for the presence of the SO3
-
 group in it. These dyes favor electrostatic 
interaction between SO3
- 
group and metal ions via ion-exchange mechanism 
and thereby create new specific sites for adsorption (Tovar-Gómez et al. 
2012). The Pb
2+
 ion interacts with both SO
3-




 groups present on the surface of CMCD-MNPs. Similar trend have been 
also reported by Visa et al. They reported that, the dye and metal ions have a 
complex adsorption mechanism. The trend of this complex adsorption depends 
on the hydrated structure and hydration number of the metal ions. In aqueous 
media, heavy metal cations exist as a hydrated complex with different 
numbers of water molecules (Visa et al. 2010).   Firstly, the dye adsorbed onto 
the surface of the sorbent and thereby favors the adsorption of the heavy 
metals ions. In our study, we observed that, the presence of the heavy metal 
ions in the binary system with the dye also favors the adsorption of the anionic 
dye. One possible reason may be the effect of coagulation-flocculation. AB 25 
has NH2 and SO3
- 
groups in it. NH2 groups favor the adsorption of the 
hydrated heavy metal ions (Tri et al. 2009). There is a sheer possibility that, 
Pb
2+
 forms a complex ionic interaction between both groups gradually and 
forms a bulky chain which favors coagulation-flocculation with the complex 
adsorption mechanism. These bulky chains are attached with the monolayer 
coverage onto the sorbent. We observed that, after the batch experiment of 
adsorption, when the vials were put on the magnet for the separation of 
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sorbents laden with dye and metal ions, the solution became gradually almost 
transparent. If the coagulation-flocculation process would held individually 
from the adsorption, there would be a chance of forming sediments. But 
apparently no sedimentation occurred after reaching to the equilibrium. 
Anionic dyes are often removed from the solution by coagulation-flocculation 
process. Coagulation-flocculation process of acid blue 92 removing by 
chitosan has reported by Szygula (Szyguła et al.  009).  
 
To evaluate the performance of our developed nanoadsorbent in real 
wastewater treatment, urban tap water from Kent Ridge in Singapore was 
collected and spiked with cadmium nitrate, copper nitrate, zinc nitrate, lead 
nitrate, chromium nitrate and AB 25 to obtain wastewater which simulated 
textile industry effluent. These metal ions are particularly common heavy 
metals found in textile industries’ wastewater. Despite the presence of 








metal ions, about 95.8% and 
82.56% reduction in AB 25 and Pb
2+
 concentrations was achieved at pH 7.5 
respectively as a result of treatment with the developed magnetic 
nanoadsorbent. These results are presented in Table 6-3 which clearly 
indicates that the adsorbent has potential applications for the removal of AB 
25 and Pb
2+









Table 6- 3 Quality of urban wastewater simulating a typical textile industry 
effluent. 
 
Quality of  
wastewater 




















7.5 200 1.56 10.76 7.74 25.9 18.66 
after 
treatment  
7.16 8.4 1.49 2.54 1.35 23.4 0.05 
% Removal - 95.8 4.48 76.38 82.56 9.34 99.73 
 
6.4 Conclusion 
Superparamagnetic magnetite (Fe3O4) nanoparticles coated with CMCD were 
synthesized, which could be used as an efficient adsorbent for the removal for 
dye and heavy metal ions from wastewater. The adsorption capacities of 
MNPs were enhanced upon the surface modification with CMCD. The CMCD 
provides surfaces with carboxyl and hydroxyl groups, and hence, generates the 
strong affinity for metal ions and anionic dye acid blue 25. The solution pH 
affected the adsorption of all metal ions onto CMCD-MNPs. Adsorption 
reaches equilibrium within 5 min and the kinetics of Pb
2+
 and AB 25 
adsorption follows the pseudo-second-order model. The maximum uptake 
capacities for AB 25 and Pb
2+
 1250 and 153.85 mg/g, respectively at 25 
o
C in 
mixture and the equilibrium data are fitted well by the Langmuir model. 
Adsorption of AB 25 and Pb
2+
 ions was influenced by one another. Higher 
adsorption capacity of both organic and inorganic pollutants is the major 
characteristic of these nanoadsorbents. Our results suggest that CMCD-MNPs 
nanocomposites can be used as an efficient absorbent for easy, convenient, 
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Chapter 7. Synthesis and characterization of janus 





Of emerging interest in recent years is the development of asymmetrical 
microparticles and nanoparticles, where the surface chemistry functionality 
differs for each of the two sides of the particle. These kinds of particles have 
been named as Janus particles. The attraction for the creation and usage of 
janus particles is high–large dipole moments can be generated on a single 
particle by surface functionalization of particle with opposite charges on either 
side for usage as electro-rheological fluid
 
(Shen et al. 2009); self-assembly 
characteristics may be conferred to the particles if there are both hydrophilic 
and hydrophobic sides on the particles. Several methods have been developed 
to produce macro or micro sized janus particles but, nano sized janus particles 
synthesis is still challenging (Hong et al. 2006; Cayre et al. 2003)   
 
In this chapter, we have presented a method to produce janus nanoparticles 
(10-15 nm) directly by adopting the Pickering Emulsion method (Hong et al. 
2006). This method is favorable as compared to many other existing methods, 
as it poses a direct synthesis path instead of using additional nanoparticles as 
masking particles in the case of heterodimers
 
(Gu et al. 2005; Glaser et al. 
2006) or doing extra coating on the particles which will inevitably increase the 
overall size
 
(Lattuda et al. 2007). Furthermore, this method is also 





ions efficiently. Janus magnetic nanoparticles are partially 
coated; therefore, they are suscepticble to magnetic separation more than fully 
coated particles. Sometimes fully coated particles laden with heavy metal ions 
become stabilized and they can not be separated from the aqeous system by 
applying external magnetic field. To improve the separation of the heavy 
metal ion laden nanoadsorbent, Janus particles are used.  
 
7.2 Particle characterization  
7.2.1 Scanning electron microscopy (SEM) and energy dispersive 
X-ray analysis (EDX) 
SEM images of the wax balls are as shown in Figure 7-1, assuming an almost 
spherical shape with an average diameter of 500 μm. It was observed that, 
while preparing the Pickering emulsion, if the speed of rotator is almost 1800-
1900 rpm then after cooling the magnetic nanoparticles coated wax balls are 
almost 500 μm in size.  Figure 7-1 provides a close-up on the surface of the 
wax balls, showing high coverage by the magnetic nanoparticles of up to 77 % 
of the surface on some of the wax balls.  
 
The results for the EDX analysis of the distribution of nanoparticles on the 
wax balls are as illustrated in Figure 7-2, which proved conclusively that 
majority of the magnetic nanoparticles are located on the surface of the wax-
water interface instead of within the wax balls. Furthermore, EDX analysis 
was done on a layer of janus nanoparticles and a layer of fully coated APTES 
nanoparticles, with the results showing that the fully coated APTES 
nanoparticles have a much higher silicon weight percentage that the janus 
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nanoparticles. Therefore, it is predicted that the janus nanoparticles should 
have a bare side which resulted in the lower silicon weight percentage as 
compared to the fully coated nanoparticles.  
 
 
























1 0.40 1.53 
2 0.49 1.59 
 
7.2.2 Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of the APTES coated janus nanoparticles is as depicted in Figure 
7-3. Looking at the spectra, the peak at 590 cm
-1
 corresponds to Fe-O bonding, 
while the peak at around 1000 cm
-1
 is indicative of the bonding of Si-O. The 
appearance of peak at 3410 cm
-1
 is characteristic of the bending vibration of 
the N-H bond. The occurrences of the peaks provide evidence for the 
successful silanization of the surface of the janus magnetic nanoparticles
 
(Xu 
et al. 1997; Ma et al. 2003; Tri et al. 2009). 














Figure 7- 3 FTIR Spectra of Bare and janus Magnetic Nanoparticles 
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7.2.3 Thermogravimetric analysis (TGA) 
In order to determine whether the janus nanoparticles were successfully 
produced by the method prescribed above, TGA of the bare, janus and full 
coated magnetic nanoparticles were conducted and compared in Figure 7-4. 
The bare nanoparticles incurred a weight loss of approximately 2% when 
heated till 800 
o
C at ramping rate of 20 
o
C/min; the weight loss of the full 
coated nanoparticles was about 7.5%. This is in agreement with literature 
value
 
(Tri et al. 2009). It can be seen that the weight loss of 5% for the janus 
particles is between the bare and the full coated particles. Furthermore, when 
the janus nanoparticles were produced using an APTES concentration that is 
200 times higher, the weight loss still remained constant at 5%. These analyses 






























7.2.4 Transmission electron microscopy (TEM) 
The TEM image of janus particles is shown in Figure 7-5. Since the janus 
particles posses dual charges or properties in the same surface, it has a 




Figure 7- 5 TEM micrograph of janus magnetic nanoparticles. (Scale bar is 20 
nm) 
 
7.3 Results and discussion 
7.3.1 Adsorption of Hg2+  
In this experiment Hg
2+
 ions, emerging from HgCl2 solution of different 
concentration ranges, were adsorbed onto the surfaces of the magnetic 
nanoparticles. Coating of particles is done to facilitate the adsorbed amount of 
metal ions onto the surface. Adsorption studies were carried out to compare 
the adsorbed Hg
2+
 ion quantity by janus particles with the bare and fully 
coated particles. Bare particles may show adsorption of metal ions in a smaller 
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quantity but the fully coated particles’ adsorption capacity obviously will be 
higher than that of janus and bare particles.  Adsorption tests were done for 
five different concentrations of Hg
2+
 and for all the tests it was found that the 
adsorbed amount of Hg
2+
 by janus particles is always in between than that 
using bare and fully coated particles. These results also indicate the synthesis 
of janus magnetic nanoparticles. Hg
2+
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Figure 7- 6 Adsorption isotherms for bare, janus and fully coated magnetic 
nanoparticles 
 
According to the adsorption isotherms we know that, adsorbed amount qe is 
dependent on the equilibrium concentration Ce. This mutual dependence is 
expressed through the well known Freundlich and Langmuir isotherm models. 
Linear versions of these two models are popular for the adsorption data fitting 
and thereby facilitate to derive different adsorption parameters (i.e., adsorption 
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And its liner form is, 
ln(qe) = lnKF + (1/ n)ln(Ce)                                   (4) 
Different adsorption parameters were derived from these two plots and shown 
in Table 7-2. From the square of regression coefficient (R
2
) of these two 
models, it can be surmised that the experimental data were fitted well with the 
Freundlich model which indicates multilayer adsorption on the surface. 
















KF  5.083 11.152 18.035 
R
2
 0.969 0.996 0.985 





qm (mg/g) 68.97 86.21 96.16 
KL (L/mg) 0.051 0.068 0.151 
R
2





Magnetic nanoparticles in the size range of 10-15 nm were prepared by the 
chemical precipitation method, and subsequently underwent partial surface 
chemical modification by APTES to produce janus nanoparticles. 
Characterization tests were conducted to prove the partial coating of APTES 
on the janus nanoparticles. FTIR results confirmed the successful grafting of 
the functionalized amine group onto the nanoparticles surface. SEM images 
and EDX analysis shows that the janus nanoparticles have lower silicon 
concentration than fully coated nanoparticles, indicative of partial coating of 
janus nanoparticles. Furthermore, TGA and adsorption study both gave 
intermediate results between bare and fully coated nanoparticles, thus proving 
the successful partial coating on the janus nanoparticles. Janus magnetic 
nanoparticles are partially coated; therefore, they are suscepticble to magnetic 
separation more than fully coated particles. Sometimes fully coated particles 
laden with heavy metal ions, become stabilized and they can not be separated 
from the aqeous system by applying external magnetic field. To improve the 
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This thesis presents a systematic and comprehensive study on the synthesis, 
characterization and adsorption of heavy metal ions by surface functionalized 
magnetic nanoparticles. Separation of detrimental heavy metal ions from the 
downstream of the industries is now a major concern. The industrial effluents 
need to be treated well to meet up the safety environment condition before 
discharging them. Heavy metals create chronic effects on human body and 
water bodies. These heavy metals slowly accumulate in the living organisms 
and leads to fatal diseases like cancer. The main objective of this thesis was to 
synthesize surface functionalized magnetic nanoparticles to separate heavy 
metal ions from wastewater. The nano adsorbents were functionalized with 
different materials. All of them were efficient to remove heavy metal ions 
from wastewater. However, all types of adsorbents were not justified on the 
same heavy metal ions. Different types of heavy metal ions were used to 
diversify the application of these magnetic nano adsorbents. Another major 
focus of this research work was to develop nano adsorbents which will be easy 
and less time consuming to prepare and able to adsorb the pollutants faster. 
The achievements through this research work have been divided into four 
different chapters.  
 
In chapter 4, the magnetic nanoparticles were modified ionically by a novel 
phosphonium based silane (PPhSi). This silane was produced by the 
condensation reaction between triphenylphosphine and 3-iodopropyl 
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(trimethoxy) silane. From the characterization results it is evident that the 
silane is grafted successfully on the surface of magnetic nanoparticles and the 
reaction was done in a single step. P
+ 
present on the silane, is the main 
adsorption site. Arsenate and chromate are anionic radicals and they were 
adsorbed onto the surface of the PPhSi-MNPs. The adsorption of arsenate and 
chromate occurred via ion-exchange mechanism between I
-
 and arsenate or 
chromate. The adsorption data was best fitted with Langmuir isotherm. The 
adsorption kinetics were also studied and the data were best fitted with the 
second order kinetics for both arsenate and chromate anions. The maximum 
uptake capacity of the adsorbent was recorded as 50.5 mg/g for arsenate and 
35.2 mg/g for chromate. Desorption studies were also carried out. 0.1 M 
NaOH is found to be a good desorption eluents while NaHCO3 is good for 
chromate. This adsorbent is reproducible and can be used for 3 to 4 
adsorption-desorption cycle.     
 
Carboxymethyl-β-cyclodextrin polymer (CDpoly) conjugated magnetic 
nanoparticles synthesis, characterization and selective adsorption of Pb
2+
 ions 
are discussed in chapter 5. Batch adsorption experiments were performed in 
details in single, binary and ternary component system. Other competitor ions 
beside lead were cadmium and nickel. The toxicity level of lead is also higher 
in comparison to the other to heavy metal ions. One of the main targets of this 
work was to separate lead ions selectively from binary and ternary mixtures. 
The experiments were successful. In all the cases adsorption of lead was 
higher than other two metal ions. The data were fitted with the Langmuir 
isotherms and kinetic studies also performed. These adsorption trends follow 
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second order kinetics. This work is novel in the point of view that, no other 
work has been reported so far to use Carboxymethyl-β-cyclodextrin polymer 
(CDpoly) conjugated magnetic nanoparticles as an adsorbent to adsorb heavy 
metal ions in competitive studies. Moreover, raw water samples from Tuas 
industrial area (Singapore) were spiked with lead, cadmium and nickel ions to 
prepare simulated wastewater analogous to the industrial effluents. In that case 
also, Carboxymethyl-β-cyclodextrin polymer (CDpoly) conjugated magnetic 
nanoparticles were capable enough to remove lead from the system more than 
95% satisfactorily.  
 
Afterwards, Carboxymethyl-β-cyclodextrin (CMCD) conjugated magnetic 
nano particles (CMCD-MNPs) were used to study the simultaneous adsorption 
of lead and acid blue 25. Another objective of this work was to study the effect 
of adsorption of heavy metal or dye onto CMCD-MNPs in presence of other 
component. Previously, we utilized CMCD-MNPs to adsorb Cu
2+
 and 
methelyne blue individually. But in this experiment we did batch adsorption 
test for both individually and simultaneously by varying one component 
concentrations. In both the cases we came up with very fascinating results. We 
observed that, the adsorption of acid blue 25 only onto CMCD-MNPs is 
almost 454.54 mg/g and it is increased to about 1200 mg/g in presence of 400 
mg/L Pb
2+
 in the binary mixture. The presence of lead cations enhances the 
adsorption of acid blue to a very high extent. Most interestingly, we also 
observed that, presence of acid blue also enhances the adsorption of lead from 
44.43 mg/g to 153.52 mg/g when the acid blue concentration was 1000 mg/L. 
So the effect was vice versa. Some other research works are also in accordance 
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to our findings in cases of metal ions adsorption increments in presence of dye 
but contradictory in case of dye adsorption increment in presence of heavy 
metal ions. The adsorption data were fitted with Langmuir isotherm model. 
The presence of anionic dye in the wastewater enhanced the adsorption of 
heavy metal ions because it provides more adsorption sites (SO3
-
 and NH2 
groups) for the heavy metal ions besides COOH- and OH- gorups originated 
from Carboxymethyl-β-cyclodextrin conjugated magnetic nano particles. 
Probably besides adsorption, coagulation-flocculation effects also play a role 
with the adsorption. The simultaneous adsorption of dye and heavy metal onto 
CMCD-MNPs is due to ion-exchange and complex formation between the dye 
and heavy metal ions. Our targets were fulfilled because, CMCD-MNPs are 
capable enough to adsorb acid blue 25 and lead from the wastewater 
successfully. We simulated Kent Ridge (Singapore) tap water spiked with 
other four metal ions beside lead and acid blue 25 and observed that, CMCD-
MNPs is capable enough to remove 95% acid blue and 85% of lead even at pH 
higher than the optimum pH of the individual species. We ran our batch 
adsorption experiments in pH 5 which in intermediate between the optimum 
pH for acid blue and lead. But simulated raw water pH was 7.5 which are in 
accordance with the pH of the textile industry effluents.  
 
In chapter 7, an accelerated procedure of producing janus magnetic nano 
particles in Pickering emulsion method has been described. In this method, in 
presence of mechanical rotation, molten wax at 90 
o
C forms the discrete phase 
in water. Bare magnetic nano particles served as the stabilizer. After cooling, 
the particles are attached on to the surface of the wax balls. The balls were 
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separated by filtration. One surface of the particles is attached to the wax balls 
while other side remained bare. Those balls were allowed to react with APTES 
to modify the surface of the nano particles. After surface functionalization the 
balls were dissolved in chloroform to release the partially coated MNPs. 
Several instrumental methods like FTIR, TGA, EDX confirms the partial 
coating of the MNPs. We also justified by mercury ion adsorption onto bare, 
janus and fully coated MNPs. The adsorption results also confirm that the 
MNPs were partially coated as the adsorption capacity of the janus MNPs 
were intermediate between the bare and fully coated MNPs. Janus MNPs 
production is a challenge as the particles are in nano size range. Yet, our 
method was successful as it took lesser time to produce JMNPs in comparison 
to other methods.  
 
8.2 Recommendations for future work 
 
Surface functionalized magnetic nanoparticles shows potential applications in 
the separation of both organic and inorganic pollutants due to its unique 
physical and chemical properties. In this thesis, the results of separating heavy 
metal ions by surface functionalized MNPs are very encouraging. However, 
this project is only a preliminary study. Further research is recommended to 
carry out in the different aspects mentioned below- 
8.2.1 Surface functionalization with ionic liquids 
Ionic liquids (ILs), generally defined as organic salts that are liquid below 
100 °C and consist entirely of ions. They have shown potentials for extracting 
agents for elimination of heavy metals from wastewater (de los R os et al. 
Chapter 8 
 196 
 010  Reyna- onz lez et al.  010  Wei et al. 2003). ILs show extraordinary 
properties such as an extremely low vapour pressure, high thermal stability 
and their physico-chemical properties can be tuned by modifying their 
chemical structure. Several types of ILs based on imidazolium-, pyridinium-, 
pyrrolidinium- or phosphonium cations have been investigated for the 
extraction and separation of inorganic substances from aqueous media 
( ischer et al.  011  Vidal et al.  005  Domańska and Rȩkawek 2009). ILs 
have been recognized as an efficient sorbent for removal of heavy metals from 
water and wastewater solutions. Ionic liquid/Fe3O4 nanocomposites can be 
developed acting as a solid-phase extractor in water treatment especially in 
heavy metals separation.  
8.2.2 Using functionalized nanoparticles in hybrid membranes 
Membrane separation technology is also a promising method to separate 
pollutants from the wastewater stream as well as water purification 
technology. Ion-exchange membranes are being used to separate charged 
particle or ions from the wastewater stream. Modification in the high flux 
hollow fiber membrane is always challenging. Separation efficiency of 
membranes are enhanced by modifying the materials with various materials 
such as zeolite LTA modified with APTES, ion exchange membranes 
composed of 4-vinylbenzyl chloride, styrene, and ethyl- methacrylate etc. 
These membranes are usually produced by radical polymerization method. 
Magnetic nanoparticles functionalized with APTES or different types of ionic 
liquids may play a great role in the improvement of membranes separation 
efficiency. Surface functionalized nanoparticles may be able to adsorb 
Chapter 8 
 197 
pollutants through chemical adsorption thus improving the efficiency of the 
membrane.  
8.2.3 Improvement in the adsorption desorption capacity 
One of the main reasons to use the magnetic nanoparticles as pollutant 
adsorbents is the cost effectiveness. These nanoadsorbents are easy and cheap 
to synthesize. Moreover, if these particles are desorbed easily from the laden 
pollutants, they will be able to adsorb pollutants again. This adsorption 
desorption cycle eventually decrease the cost of separation to a high extent 
since the adsorbent are reusable. Choosing the perfect desorption eluents 
based on the pH condition is a challenging task. If the interaction between the 
pollutants and the coated particles are strong enough, then week eluents may 
not be able to desorb. For this reason, to choose the perfect eluents in a perfect 
pH condition is an arduous task and needs a lot of efforts. Moreover, it should 
be taken care that, desorption eluents will not block the binding sites of the 
coated particles.  Contact time, concentration of eluents and pH is the main 
criteria for desorption. All these issues can be studied in details with the 
desorption capability of the magnetic nanoparticles.  
8.2.4 Exploring janus particles in biomedical application 
Dual coated janus particles can be used in drug delivery systems. For example, 
if one side of the particles is coated in such a way that it is able to be grafted 
on the cancer cells then the other side can be coated with the drug. So the 
same carrier particles will be used to detect the defected cell and drug 
delivery. One side of the particles will be coated with the hydrophilic polymer 
(e.g., vinyl amine polymer) and other side with the drug like doxorubicin or 
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may be any other drug. The carriers janus magnetic nanoparticles loaded with 
anti-cancer drug will be injected into the patient body. An external magnetic 
field can used to localize and to observe the motivation of the drug loaded 
carriers at the defected site and the drug can then be released from the carriers 
either via enzymatic activity or changes in physiological conditions such as 
pH, osmolality, or temperature. A schematic diagram of a dual coated janus 
particle is shown below: 
 
Figure 8- 1 Schematic diagram of a dual coated janus particle 
 
8.2.5 Exploring Langmuir-Blodgett technique for janus 
nanoparticles synthesis 
Langmuir–Blodgett film contains one or more layers of an organic material, 
deposited from the surface of a liquid onto a solid by emerging the solid 
substrate into or from the liquid. A monolayer is adsorbed homogeneously 
with each immersion or emersion step, thus films with very accurate thickness 
can be formed. This thickness is accurate because the thickness of each 
monolayer is known and can therefore be added to find the total thickness of a 
Langmuir-Blodgett Film. Langmuir–Blodgett films are named after Irving 
Langmuir and Katharine B. Blodgett, who invented this technique while 
 Cancer cell Detecting 
chemical  
 





working in Research and Development for General Electric Co. An alternative 
technique of creating single monolayer on surfaces is that of self assembled 
monolayer. Langmuir-Blodgett Films should not be confused with Langmuir 
films, which tends to describe an organic monolayer submersed in an aqueous 
solution (Chen et al. 2007; Purrucker et al. 2005) 
 
A monolayer can be transferred to a flat solid support, as e.g., a hydrophilic 
silicon substrate, by an upstroke of the immersed substrate through the 
monolayer. Since the substrate is hydrophilic, the head group of the monolayer 
will orient towards to the solid surface, whereas the hydrophobic alkyl chains 
are exposed to the air.  
 
Figure 8- 2 Schematic diagram of Langmuir-Blodgett method (Chen et al. 
2007) 
 
At high transfer speeds the quality of the transferred monolayer will largely be 
dominated by hydrodynamics: the underlying water layer has to be removed 
from the monolayer in contact with the solid surface. At low transfer speeds, 
the monolayer quality after transfer will be increasingly dominated by 
molecular interaction between the monolayer and the solid surface (Graf et al. 
1998; Hillborg et al. 2000). The main target here is to obtain a method which 
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is viable for this process. The magnetic nanoparticles must be hold firmly with 
the plate of the apparatus used in Langmuir-Blodgett technique. It has been 
expected that, large quantity of janus magnetic nanoparticles may be produced 
in each batch.  
8.2.6 Packed bed and fluidized bed separation with 
nanoadsorbents  
Generally the laboratory adsorption experiments are carried out in batch 
processes. However, the adsorption and desorption processes could be carried 
out in continuous processes with the packed bed of fluidized bed columns. 
Recently, these packed bed and fluidized bed column operations have become 
popular due to their continuous operation capability. The volume of adsorbed 
and desorbed would be higher with respect to time if the operations are carried 
out in a continuous process. Moreover, some industrial operations like battery 
industries or textile industries may require continuous water treatment 
methods to subsequently reduce the pollutants level in their waste effluents. 
To justify the efficiency of the packed bed and fluidized bed columns for 
pollutants removal, laboratory scale apparatus can be set up and carried out 
experiments. Few major points to be accounted in designing the packed bed 
columns is the huge pressure drop and cleaning cycle. In case of the fluidized 
bed columns, particles loss prevention is a major challenge. Since, 
nanoadsorbents are small enough to be prevented at the downstream. A 
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